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ABSTRACT 
Fibre-reinforced polymer (FRP) composites have been increasingly used in civil engineering 
construction since the early 20th century due to their superior material properties such as low 
density, high tensile strength, high modulus, and corrosion resistance when in comparison to 
steel. The manufacturing techniques of FRP have matured and now provide for increased 
productivity and affordable price. Common applications of FRP composites to concrete 
structures include: externally bonding FRP for strengthening of existing structures, or internal 
reinforcement for new concrete structures. Integrating FRP composites into reinforced concrete 
(RC) structural member design was initially targeted to combat the issue of internal steel 
corrosion and to prevent associated structural serviceability deficiencies. The deterioration of 
steel reinforced concrete structures due to corrosion can be avoided with FRP reinforcement 
and/or strengthening; however, the long-term durability of FRP-to-concrete structures under 
environmental conditions is yet to be well understood.  
A key to investigating the influence of environmental conditions on FRP reinforced and 
strengthened concrete flexural members is to explore the variation in local properties of the 
interfacial bond between the FRP composite and surrounding concrete. The interfacial bond 
properties are responsible for the stress transfer between concrete and reinforcement, and 
largely govern composite behaviour of reinforced concrete such as the load carrying capacity 
and member deformation. Although the interfacial bond between FRP and concrete for both 
externally bonded FRP strengthened concrete flexural members and internally reinforced 
concrete flexural members has been studied over the last few decades, including the 
consideration of the effect of environmental conditions, the results of these extensive studies 
have still not been able to quantify the changes of bond properties. Further, an approach to 
 XI 
predict the degradation of bond with environmental exposure is lacking due to non-
comprehensive experimental programs. 
For FRP strengthened concrete flexural members the majority of studies that have 
investigated the durability of FRP-to-concrete joints have reported only the change of 
maximum debonding force due to environmental exposure, however, very few studies report 
the full range of the bond stress versus slip relationship. Such a relationship is needed for the 
development of an interfacial joint degradation model and the derivation of a set of 
environmental reduction factors. In this thesis, an experimental program has been conducted 
to widen the database on the durability of adhesively bonded FRP-to-concrete interfaces.  
 A total of 135 single lap shear test (SLS) specimens were constructed and tested to failure. 
The test parameters included environmental conditioning, namely cyclic temperature ranging 
from 12°C to 40°C as well as wet-dry cycling in potable water and wet-dry cycling in 5% salt 
solution for a duration of up to 12 months. Two types of FRP strengthening materials were 
utilised, namely unidirectional pultruded CFRP plates (herein pultruded plates) and plates 
formed in a wet lay-up manner from unidirectional carbon fibre (herein wet lay-up plates), as 
well as three types of epoxy adhesives with varying levels of viscosity including one high 
viscosity and two low viscosity adhesives. The results indicate that the provided conditioning 
regimes lead to an obvious damage of the interface between the concrete and the adhesive 
where an increasing area of the adhesive layer was exposed after longer environmental 
exposure. Other findings include degradation of the interfacial stress and elongation of the 
ultimate local slip; however, the combination of these changes, conversely, lead to an 
improvement in the global force. The mechanism behind the series of observation can be 
explained by the longer effective length that is capable of withholding greater strain profile. 
 XII 
For FRP internally reinforced concrete flexural members, numerous experimental efforts 
have been conducted to determine the long-term environmental durability of the FRP bar-to-
concrete bond. These studies have, however, largely been considered in isolation without any 
systematic attempt to critically analyse the ever-increasing pool of results based on variable 
exposure regimes as well as differing geometric and mechanical properties. To address this 
limitation, and to quantify the durability of the FRP bar to concrete bond, this thesis also 
presents an experimental database comprising of 1244 individual test results from 35 unique 
studies which are critically analysed in terms of bond performance. Detailed analysis of the 
relationship between the rate of degradation, and strength of the concrete, different FRP bars’ 
geometrical specifications, FRP bar compositions and environmental conditions is carried out. 
The analysis highlights the large scatter that exists for experimental results between studies and 
seeks to explain this scatter through discussion of the impact of exposure to material properties 
and the importance of sound experimental design.  
It is critical that the magnitude of the bond deterioration can be quantified so the long-term 
performance of FRP reinforced concrete (FRP-RC) members can be determined. This thesis 
also compiles two sub-databases from the existing database above, one consisting of 544 
observations of bond strength test results and the other 397 observations of bond stress-slip 
results. The complied databases are statistically analysed in order to quantify reduction factors 
for both bond strength and bond stress-slip behaviour in FRP-RC members. The outcomes of 
this analysis are further applied to investigate the deterioration required to cause a change in 
failure mode from bar rupture to bar debonding such that deterioration of reinforcement can be 
considered in reinforcement detailing requirements.  
 XIII 
LIST OF FIGURES 
Figure 1.1. Steel corrosion-induced concrete cover separation (Bentur et al. 1997) ................ 2 
Figure 1.2. (a) FRP bar reinforced concrete structures (El-Salakawy et al. 2005), (b) FRP plate 
strengthened RC slab (Gunaslan and Karasin 2017) .............................................................. 3 
Figure 1.3. Intermediate crack induced interfacial debonding mechanism (re-produced from 
Oehlers et al. (2003))............................................................................................................. 5 
Figure 1.4. Single lap shear test setup for: (a) the FRP plate to concrete specimens, (b) the FRP 
bar to concrete specimens ...................................................................................................... 6 
Figure 1.5. Typical global load-slip curves: (a) for FRP plate to concrete specimens (Hadigheh 
et al. 2015), (b) for FRP bar to concrete specimens (Chaallal and Benmokrane 1993)............ 9 
Figure 1.6. Applying the global load-slip response to locate local bond stress-slip response 
(Haskett et al. 2008) ............................................................................................................ 10 
Figure 1.7. Graphical representation of partial-interaction mechanics based numerical model 
(Gravina et al. 2017) ........................................................................................................... 11 
Figure 1.8. PI modelling procedure to extract bond stress-slip relationship .......................... 12 
Figure 1.9. Bond stress-slip curves from: (a) Free-end, (b) Loaded-end (Altalmas 2014) ..... 13 
Figure 2.1. Temperature chamber and specimens. ............................................................... 35 
Figure 2.2. Conditioning regime of cyclic temperature (blue dashed line represents a complete 
24-hour cycle). .................................................................................................................... 35 
Figure 2.3. Wet-dry cycling specimens. ............................................................................... 36 
Figure 2.4. FRP plate material (a) Pultruded plate, (b) Carbon fibre fabric........................... 38 
Figure 2.5. Typical surface roughness of concrete prisms after sandblasting procedure. ...... 40 
Figure 2.6. Specimens specification (note: dimensions in mm). ........................................... 41 
Figure 2.7. SLS test setup: (a) Schematic drawing, and (b) photograph................................ 42 
 XIV 
Figure 2.8. Influence of conditioning on tensile modulus of (a) pultruded plate, (b) wet lay-up 
plate. (T-cyclic temperature, WD- wet-dry with potable water, S- wet-dry with saltwater). . 44 
Figure 2.9. Change of failure modes throughout duration of conditioning. ........................... 45 
Figure 2.10. Typical change of interfacial failure area at different exposure durations. ........ 46 
Figure 2.11. Extent of interfacial debonding area under variable exposure conditions: (a) cyclic 
temperature, (b) cyclic wet-dry in water, (c) cyclic wet-dry in 5% salt solution. .................. 48 
Figure 2.12. Synthetic load versus slip curves assuming tri-linear bond-slip relationship (a) 
with friction and (b) without friction generated using plate width of 50 mm, length of 220 mm, 
Efrp=210 GPa, δ1=0.05 mm, δini=0.22 mm, δult=0.37 mm, τmax=6.4 MPa and τf=0.5 MPa (only 
for the curve with frictional component). ............................................................................. 49 
Figure 2.13. Average global load versus displacement curves of control samples: (a-c) cyclic 
temperature, (d-f) cyclic wet-dry in water, and (g-i) cyclic wet-dry in 5% salt solution. ....... 50 
Figure 2.14. Average global load versus displacement curves of control samples and 
corresponding environmental conditioning samples exposed to (a-c) cyclic temperature, (d-f) 
cyclic wet-dry in water, and (g-i) cyclic wet-dry in 5% salt solution. ................................... 51 
Figure 2.15. Influence of exposure conditions on Pini: (a) cyclic temperature, (b) cyclic wet-dry 
in water, and (c) cyclic wet-dry in 5% salt solution. ............................................................. 53 
Figure 2.16. Extraction of τ-δ relationship of CS-LV1-3 specimen by curve-fitting the global 
P-∆ response. ...................................................................................................................... 54 
Figure 2.17. Variation of the bond stress-slip relationship after exposure to (a-c) cyclic 
temperature, (d-f) cyclic wet-dry in water, and (g-i) cyclic wet-dry in 5% salt solution. ....... 55 
Figure 2.18. Influence of exposure conditions on τmax: (a) cyclic temperature, (b) cyclic wet-
dry in water, and (c) cyclic wet-dry in 5% salt solution. ...................................................... 57 
Figure 2.19. Influence of exposure conditions on δ1: (a) cyclic temperature, (b) cyclic wet-dry 
in water, and (c) cyclic wet-dry in 5% salt solution. ............................................................. 58 
 XV 
Figure 2.20. Influence of exposure conditions on δini: (a) cyclic temperature, (b) cyclic wet-dry 
in water, and (c) cyclic wet-dry in 5% salt solution. ............................................................. 59 
Figure 2.21. Influence of exposure conditions on Leff: (a) cyclic temperature, (b) cyclic wet-dry 
in water, and (c) cyclic wet-dry in 5% salt solution. ............................................................. 61 
Figure 2.22. Influence of exposure conditions on Gf: (a) cyclic temperature, (b) cyclic wet-dry 
in water, and (c) cyclic wet-dry in 5% salt solution. ............................................................. 63 
Figure 2.23. Global load-slip behaviour (P-∆ curves). ......................................................... 73 
Figure 3.1. Environmental conditions considered in database. ............................................. 92 
Figure 3.2. Normalised bond strength of three different environmental conditions. Legend 
denotes environmental conditioning type and conditioning regime. ..................................... 93 
Figure 3.3. Schematic diagrams of bond tests. ..................................................................... 95 
Figure 3.4. Ranges of database parameters. ......................................................................... 97 
Figure 3.5. Distribution of concrete strength before and after each environmental regime.... 98 
Figure 3.6. Distribution of FRP elastic modulus before and after each environmental regime.
 ......................................................................................................................................... 101 
Figure 3.7. Distribution of exposure duration. ................................................................... 108 
Figure 3.8. Tests with fluctuating trend over exposure duration. The legend describes the 
environmental exposure type followed by the sample identification code and reference. ... 109 
Figure 3.9. Distribution of exposure temperature. .............................................................. 111 
Figure 3.10. Freeze/thaw cycle regimes. ............................................................................ 112 
Figure 3.11. Distribution of solution pH and chemical concentration. ................................ 113 
Figure 3.12. Bond strength conversion method. ................................................................. 114 
Figure 3.13. Correlation between initial concrete compressive strength and rate of degradation.
 ......................................................................................................................................... 116 
 XVI 
Figure 3.14. Normalised bond strength versus exposure duration. The legend is arranged in 
order of sample identification code, failure mode and source reference. ............................ 119 
Figure 3.15. Influence of environmental conditions on resin and fibre combinations. Legend is 
arranged in order of environmental conditioning regime and fibre and resin type. ............. 121 
Figure 3.16. Effect of surface textures on rate of degradation. Legend is arranged in terms of 
fibre and resin type followed by bar surface texture type. .................................................. 122 
Figure 3.17. Effect of FRP bar diameter on rate of degradation. Legend is arranged in terms of 
environment condition type, followed by temperature range. ............................................. 124 
Figure 4.1. FRP bar-concrete bond pull-out test setup. (Note: P- pull-out force, LVDT- Linear 
Vairable Differential Transfromers, Lb- embedment length, Lc- length of concrete, c- concrete 
cover, Afrp- cross-sectional area of FRP bar, Lper- perimeter of FRP bar) ............................ 265 
Figure 4.2. Bi-linear bond-slip relationship. (Note: Ka- slope of the ascending curve) ........ 268 
Figure 4.3. Distribution of four key parameters of bond-slip curves under hygrothermal 
conditions. (Note: D- FRP bar with deformation pattern, SC- FRP bar with sand coat, M- 
number of outliers, N- number of data entries) .................................................................. 270 
Figure 4.4. Distribution of four key parameters of bond-slip curves under dry-heat conditions. 
(Note: D- FRP bar with deformation pattern, SC- FRP bar with sand coat, M- number of 
outliers, N- number of data entries) ................................................................................... 271 
Figure 4.5. Local bond-slip curves of specimens subjected to environmental conditioning. 277 
Figure 4.6. Trends in Pfr/PIC under: (a) Hygrothermal conditions, (b) dry-heat conditions (Note: 
W-water, A-alkaline, S-saline and T-dry-heat, the number following the environmental 
regimes denotes the bar diameter.) .................................................................................... 285 
Figure 4.7. Comparison between varied Lcrit under various environmental conditioning and Lcrit 
recommended by ACI for results from: (a) Water, (b) Alkaline, (c) Saline, and (d) Dry-heat 
conditions. ........................................................................................................................ 286 
 
 XVII 
  
 XVIII 
LIST OF TABLES 
Table 2-1. Joint test plan ..................................................................................................... 34 
Table 2-2. Concrete mix design ........................................................................................... 37 
Table 2-3. FRP properties.................................................................................................... 38 
Table 2-4. Adhesive properties ............................................................................................ 39 
Table 2-5. Summary of experimental results........................................................................ 66 
Table 2-6. Summary of tri-linear bond-slip properties ......................................................... 73 
Table 3-1. Database details: Specific reference details ....................................................... 128 
Table 4-1. Summary of database. ...................................................................................... 265 
Table 4-2. Description of database. ................................................................................... 267 
Table 4-3. 5th percentile deterioration reduction factors of test results of various environmental 
conditions ......................................................................................................................... 272 
Table 4-4. Average local bond stress-slip curve parameters, as well as mechanical properties, 
of tested control specimens embedded with different types of FRP bar. ............................. 275 
Table 4-5. Normalised fracture energy under hygrothermal conditions. ............................. 279 
Table 4-6. Normalised fracture energy under dry-heat conditions. ..................................... 279 
Table 4-7. 5th percentile reduction factor of tensile strength of FRP bars. .......................... 280 
Table 4-8. Extracted properties of test specimens for bond stress-slip model determination 
(Baena et al. 2009). ........................................................................................................... 283 
Table 4-9. Bond stress-slip model parameters (Baena et al. 2009). .................................... 283 
 
 
 1 
1 INTRODUCTION 
1.1 Background 
The performance of a structural member is highly dependent on its surrounding environment 
and the risk of structural deterioration increases with longer service time (Stewart 2001). Loss 
of structural efficiency and integrity are the key symptoms of ageing structure. With the current 
condition of ageing infrastructure, especially in the bridge sector, the ability of the structure to 
withstand the growing demands due to increased traffic and upgrades is compromised. 
Immediate action is needed here from asset owners to cater for the maintenance and 
rehabilitation of the ageing structure, and the financial outlay in operating budgets is now at 
unprecedented amounts. In Australia, over 50% of the local bridges are over 50 years old, 
among these bridges about 10% of them were rated as poor or very poor condition where 
immediate action was needed to alleviate an increase of long-term maintenance costs 
(Infrastructure Australia. 2015). 
An influencing factor in the degradation of reinforced concrete structures is steel corrosion. 
Globally steel corrosion in ageing structure has led to severe financial burden. Economic loss 
due to the steel corrosion in both concrete and steel structures in 1998 alone was US$276 billion 
which accounted for approximately 3.1% of America’s total GDP in that year (Koch et al. 
2002). Corrosion of steel, in general, leads to a product known as iron dioxide (Fe2O3) that has 
its volume three times larger than the original product and subsequently results in volumetric 
expansion. This is the main cause of concrete spalling and delamination in reinforced concrete 
structures as shown in Figure 1.1 (Bentur et al. 1997). With the loss of the concrete confinement 
and contact area around the embedded steel reinforcement, the efficiency of the stress transfer 
from the concrete to the reinforcement is severely compromised, thus causing reduced load-
carrying capacity of RC members (Feng et al. 2015). 
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Figure 1.1. Steel corrosion-induced concrete cover separation (Bentur et al. 1997) 
To combat the issue of steel corrosion with ageing structure and extend the service life of 
existing and future structures, FRP reinforced (Figure 1.2(a)) and FRP strengthened (Figure 
1.2(b)) RC members provide a sustainable solution. The FRP reinforcing and strengthening 
techniques take advantage of the high tensile strength and excellent corrosion resistant ability 
of the FRP material under various aggressive environmental conditions and provide an 
excellent alternative to conventional steel as reinforcement both externally and internally in 
concrete structures (Bakis et al. 2002). 
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(a) (b) 
Figure 1.2. (a) FRP bar reinforced concrete structures (El-Salakawy et al. 2005), (b) FRP 
plate strengthened RC slab (Gunaslan and Karasin 2017) 
However, the degradation of the FRP plate strengthened and FRP bar reinforced concrete 
members has been observed; it is found that the deterioration is mainly governed by the 
material properties and the interfacial bond, that is the bonding adhesive and the concrete 
substrate for the FRP plate and the outer layer of the embedded FRP bar and surrounding 
concrete. Generally, these changes in properties can be reflected in the deterioration of the 
interfacial bond in terms of maximum bond stress and slip (Aslani 2019). To date, degradation 
of FRP composites has been addressed simply by imposing a set of environmental reduction 
factors (CE) between 0.50 and 0.95 based on the types of fibre and exposure for the externally 
bonded system as shown in ACI 440.2-R17 (ACI 2017), and between 0.70 and 1.00 for the 
internally reinforced system as shown in ACI 440.1-R15 (ACI 2015) to limit the maximum 
allowable design strain of the FRP composites. The interfacial bond interaction is not 
considered. Therefore, establishing a relation of the variations of interfacial bond behaviour 
and parameters of environmental conditions can certainly improve the understanding of the 
changes in structural behaviour under long-term exposure. 
 4 
1.1.1 Interfacial bond behaviour and test method 
There are six failure modes for FRP plate and FRP bar to concrete flexural members, 
including 1) FRP rupture, 2) Concrete crushing, 3) Shear failure, 4) Intermediate crack induced 
debonding, 5) Concrete cover separation, and 6) Plate end interfacial debonding (Smith and 
Teng 2002). Among these failure modes, the first four modes are shared by both FRP plate 
strengthened and FRP bar reinforced flexural members while the latter two modes are exclusive 
to FRP plate strengthened concrete flexural members. In this thesis, the research effort is on 
the intermediate crack induced debonding because the remaining failure modes can be either 
resolved by implementing specific engineering designs (e.g. reduce the maximum shear 
force/maximum bending moment value, or increase the plate end to beam support distance) or 
applying plate end anchor devices (Garden and Hollaway 1998; Teng et al. 2000; Smith and 
Teng 2003; Yao and Teng 2007). The intermediate crack induced debonding initiates at the 
mid-region of a beam where the considerable magnitude of bending moment force exists and 
the debonding behaviour propagates away from the crack until the full-debonding of the FRP 
plate or FRP bar from the surrounding materials (Teng et al. 2002; Oehlers et al. 2003). The 
graphic illustration of the intermediate crack induced interfacial debonding can be seen in 
Figure 1.3. To date, intermediate crack induced interfacial debonding is commonly 
characterised by using a global force-slip (P/Δ) relationship and local stress-slip (τ/δ) 
relationship (Malvar 1994; Focacci et al. 2000; Yuan et al. 2001; Yuan et al. 2004). These 
relationships can be determined experimentally.  
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Figure 1.3. Intermediate crack induced interfacial debonding mechanism (re-produced 
from Oehlers et al. (2003)) 
Three main test setups are found in the literature to obtain the interfacial bond properties, 
typically, single lap shear test (SLS), double lap shear test (DSL) and hinged beam test (HB) 
(Chen et al. 2001). Among these test methods, the SLS and HB test approaches can be adopted 
for both externally bonded and internally reinforced FRP specimens. The DSL test method is 
exclusive to externally bonded FRP concrete specimens by adhesively bonded two plates on 
the opposite surfaces of the concrete substrate. The HB test approach, theoretically, provides 
the most realistic bond results by closely simulating the state of the concrete and FRP 
reinforcement with both horizontal and vertical stress under flexural condition; however, the 
HB test method requires substantially greater amount of material and more sophisticated 
instrumentations that will significantly reduce the number of testing specimens to be fabricated 
and tested due to limitation in space and experimental budgets. Additionally, it is commonly 
accepted practice in the FRP research community that the model II fracture (in-plane shear) 
behaviour is assumed when investigating the interfacial debonding caused by intermediate 
crack (Yuan, Wu & Yoshizawa 2001). A recent numerical study conducted by Xie et al. 2018 
also confirmed the above assumption, the full-range flexural behaviour of a GFRP bar 
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reinforced FRC concrete beam was accurately predicted based on the interfacial bond stress-
slip extracted from a single lap shear test. 
 
(a) 
 
(b) 
Figure 1.4. Single lap shear test setup for: (a) the FRP plate to concrete specimens, (b) the 
FRP bar to concrete specimens 
1.1.1.1 Externally bonding FRP plate to concrete bond 
To date, the most common bond test approach adopted by both externally bonded FRP plate 
to concrete and embedded FRP bar to concrete is the SLS test approach as shown in Figure 1.4. 
The direct output of an SLS test is a set of P/∆ data as shown in Figure 1.5 which can be 
converted to local τ/δ relationship using different methods. For FRP plate to concrete 
Strain gauge
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Lb LL
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specimens, external instrumentations are required to assist in constructing the local τ/δ 
relationship, namely, strain gauges (Mukhopadhyaya et al. 1998) and digital image correlation 
(DIC) systems (Subramaniam et al. 2007). Both techniques aim to capture the variation of 
strains on the surface of the FRP reinforcement and use the strains distribution along the bonded 
length of the FRP reinforcement to acquire a unique τ/δ relationship. The difference between 
the strain gauge and DIC system is the presence of the strain profile, in a discrete or continuous 
form. Regardless of the method used in obtaining the strain reading, the τ/δ response for the 
externally bonded FRP plate to concrete can typically be obtained by using Eqs. 1-1 and 1-2: 
𝜏(𝑥) = −
𝑑𝜀𝑓𝑟𝑝
𝑑𝑥
∙
𝐸𝑓𝑟𝑝𝐴𝑓𝑟𝑝
𝐿𝑝𝑒𝑟
 1-1 
where εfrp is strain on FRP, EfrpAfrp is axial stiffness of FRP and Lper is bonded perimeter. 
𝛿(𝑥) = 𝛿0 + ∫ 𝜀𝑓𝑟𝑝𝑑𝑥
𝑥
0
 1-2 
where δ0 is global slip at the free end. 
It is of importance to note that δ0 should not be assumed equal to 0, especially, where an 
insufficient bond length is utilised in the experiment (Vaculik et al. 2018). 
1.1.1.2 Embedded FRP bar to concrete bond 
In comparison to the method of obtaining the interfacial τ/δ response from an FRP plate to 
concrete specimen, it is rather simple to capture the τ/δ relationship for an embedded FRP bar 
to concrete specimen. The reason is that a short embedment length (5 х dfrp) is normally 
incorporated into the specimens’ design where an assumption of uniformed stress distribution 
is adopted, and thus the interfacial bond stress can be calculated using Eq. 1-3 and the local 
slip can be taken from either free-end directly or loaded-end based on Eq. 1-4: 
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𝜏 =
𝑃𝑓𝑟𝑝
𝜋𝑑𝑓𝑟𝑝𝐿𝑏
 1-3 
where Pfrp is applied force on the FRP bar, ∆ is loaded end slip, dfrp is the diameter of the FRP 
bar and Lb is embedment length of the FRP bar.  
∆= ∆𝐿 −
𝑃𝑓𝑟𝑝𝐿𝑏
𝐸𝑓𝑟𝑝𝐴𝑓𝑟𝑝
 1-4 
where ∆L is slip measured from LVDT at loaded-end, Efrp is Young’s modulus of FRP bar and 
Afrp is the cross-sectional area of FRP bar. 
1.1.1.3 Partial-interaction numerical model 
The current issue with the constructed τ/δ relationship based on strain gauge and DIC 
methods for FRP plate to concrete specimens is that the strain gauge reading is hugely governed 
by the condition of the concrete substrate; however, the concrete, as a heterogeneous material, 
has randomly distributed aggregates and pre-existing micro-cracks, which will affect the strain 
gauge readings (Gravina et al. 2017). A τ/δ relationship extracted based on strain reading, 
therefore, varies significantly even though the fundamental specimens’ properties are identical. 
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(a) 
 
(b) 
 
Figure 1.5. Typical global load-slip curves: (a) for FRP plate to concrete specimens 
(Hadigheh et al. 2015), (b) for FRP bar to concrete specimens (Chaallal and Benmokrane 
1993) 
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An alternative approach that uses the concept of average τ/δ relationship can be used to 
capture the τ/δ response without considering the nature of the concrete substrate such as the 
influence of the underlying aggregates and existing micro-cracks on strain reading. This 
concept was proposed by Yuan et al. (2004) to utilise the P/∆ relationship as a reference as 
shown in Figure 1.6 to obtain an acceptable τ/δ curve. Using this concept, a partial-interaction 
mechanics based numerical model (hereafter referred as PI model) was developed by Haskett 
et al. (2008), which is capable of extracting τ/δ relationships from FRP plate to concrete bond 
specimens (Gravina et al. 2017). 
 
Figure 1.6. Applying the global load-slip response to locate local bond stress-slip response 
(Haskett et al. 2008) 
In this thesis, the PI model is adopted to extract τ/δ relationships. A graphical introduction 
of the PI model can be found in Figure 1.7 where the FRP-to-concrete specimen is divided into 
many small segments and the length of the segment is considered to be short enough so that 
the force and strain distribution along each segment is assumed to be uniform. In order to seek 
the correct P/∆ curves, three main factors are used to govern this analysis, including: 
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• A pre-defined bond stress-slip relationship which needs to be adjusted accordingly 
during the course of the PI model to simulate a P/∆ curve that is as close to the 
reference curve as possible; 
• A boundary condition for the PI model checked at every segment where not entire 
bond length is mobilised to withhold the applied load, local slip, δ= 0 and slip strain, 
dδ/dx= 0; and 
• A boundary condition for the PI model applied at the last segment when the entire 
bond length is unable to withhold the applied load, εfrp= 0. 
The flowchart of PI model can be seen in Figure 1.8. 
 
Figure 1.7. Graphical representation of partial-interaction mechanics based numerical 
model (Gravina et al. 2017)  
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Figure 1.8. PI modelling procedure to extract bond stress-slip relationship 
Despite that the τ/δ relationship of FRP bar to concrete specimens, as previously mentioned, 
can be captured relatively easier compared to that of FRP plate to concrete specimens under 
the assumption of the uniformed stress distribution along the bond, this assumption was 
established specifically for steel bar reinforced concrete specimens. During a bond test for the 
steel bar reinforced concrete sample, the fact is that the obtained bond stress-slip relationships 
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from the loaded and free-end are rather close and, thus, taking the free-end or loaded end 
relationship as the actual bond stress slip relationship is a feasible solution. Nevertheless, FRP 
reinforcing bar, ordinarily, possesses only a quarter to a half of the elastic modulus compared 
to that of steel reinforcing bars depending on the exact fibre type. The substantially lower 
elastic modulus can cause a problem when determining the actual bond stress-slip relationship 
from the direct output of a bond test since the values of loaded-end and free-end slips at the 
corresponding applied load level are significantly different as illustrated in Figure 1.9. This 
observation obtained from reviewing the literature indicates that the traditional method for 
bond data extraction which was tailored for steel reinforced concrete specimens and is unlikely 
to perfectly fit FRP bar-to-concrete specimens. To date, most of the studies took bond stress-
free-end slip rather than bond stress-loaded end slip relationship as the actual bond stress-slip 
relationship, and it has been commonly accepted. Therefore, the bond stress-free-end slip 
relationship is also adopted as the actual bond stress-slip relationship in the current study. 
  
(a) (b) 
Figure 1.9. Bond stress-slip curves from: (a) Free-end, (b) Loaded-end (Altalmas 2014) 
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1.1.2 Influence of aggressive environmental conditions on the interfacial bond behaviour 
The interfacial bond stress-slip relationship governs the global responses of FRP 
strengthened and reinforced concrete members. Based on previous studies, the interfacial bond 
τ/δ relationship can be considered as a type of material property (Haskett et al. 2008; Xie et al. 
2018; Sturm and Visintin 2019), which is affected by various environmental conditions (Aydin 
et al. 2016; Yan et al. 2016). The impact of the environmental condition on the τ/δ relationship 
influences the crack width and displacement behaviour of RC beams (Visintin et al. 2012; 
Visintin et al. 2013), and in turn affect the member behaviour under serviceability and ultimate 
limited states. Therefore, it is critical to understand the long-term environmental durability of 
the FRP strengthened and reinforced flexural concrete members under various environmental 
conditions. 
1.1.2.1 Externally bonded FRP plate to concrete bond 
Over the past two decades, numerous experimental results have been reported on the 
environmental durability of the interfacial bond behaviour of FRP plate to concrete specimens. 
The environmental regimes can be classified into two major regimes, namely hygrothermal and 
thermal conditions. Testing involving thermal conditions, including elevated temperature, 
provide a more explicit trend in bond deterioration over temperature compared to tests 
involving hygrothermal conditions. Thermal loadings commonly induce deterioration of the 
adhesive component of the interfacial bond and thus, lower the interfacial bond strength 
noticeably (Katz et al. 1999; Dai et al. 2012). On the other hand, several discrepancies are 
found in results for bond tests under hygrothermal conditions, where both strength gain and 
loss were observed under similar environmental conditions. For instance, Li et al. (2010) 
performed a pull-out test for externally bonded FRP plate to concrete specimens under cyclic 
wet-dry in potable water conditions and showed a strength loss after 50 cycles, however, the 
similar test conducted by Hassan et al. (2015) and Shrestha et al. (2014) showed an increase in 
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joint strength after a condition duration of 25 and 72 cycles, respectively. There are many 
reported contradictory testing results and findings that are not only limited to environmental 
conditioning in potable water. Research has also reported for the environmental conditioning 
of simulated chemical attack varying bond strength gain or loss over the condition duration. 
For example, Mukhopadhyaya et al. (1998) presented a series of test results for FRP plate to 
concrete bond tests subjected to salt attack where the results report an enhanced joint strength 
while Zhou et al. (2015). recorded a decline in the bond strength overexposure duration for a 
similar test. From the analysis performed by Aydin et al. (2016) on FRP plate -to-concrete bond 
specimens, the existing discrepancies in the database of results collated is explained 
considering several aspects including test duration, initial concrete strength, chemical 
concentration and elongation of effective bond length. Among these influential factors, only 
the elongation of effective bond length cannot be interpreted directly from the test results. In 
the case of effective bond length, the global force-slip relationship or strain gauge profile from 
FRP plate to concrete bond tests is needed to extract the accurate effective bond length (Vaculik 
et al. 2018). Gravina et al. (2017) were able to extract the actual effective bond length of the 
test specimens using a partial interaction model based on the collated in the global database of 
test containing the full load slip response. The analysis indicated that more studies are needed 
in investigating the influence of cyclic wet-dry conditioning regimes on the interfacial bond of 
externally bonded FRP plate to concrete specimens and the influence of the change of concrete 
strength due to the concrete maturity when determining the interfacial bond deterioration 
mechanism should be mitigated by adopting the matured compressive strength concrete. 
1.1.2.2 Embedded FRP bar to concrete bond 
The deterioration mechanism of FRP bar to concrete interfacial bond under various 
environmental loadings is governed by both environmental parameters and geometrical 
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parameters. In this section, the typical environmental conditions of namely potable water, 
chemical solutions, freeze/thaw and thermal conditions are discussed. 
The effect of moisture on the bond between FRP bar and concrete has been studied by several 
researchers, among many different moisture conditioning, the effect of potable water on the 
bond between FRP bar and concrete has been investigated extensively (Bank et al. 1998, 
Abbasi and Hogg 2005; Davalos et al. 2008; Robert and Benmokrane 2010). Both a gain and 
loss in maximum bond stress were observed. The discrepancy in the experimental results can 
generally be explained by the type of adhesive which possesses different ability in the 
absorption of water, the temperature that stimulates the chemical interaction and facilitates the 
degradation. The gain in interfacial bond strength likely contributed to the swelling effect and 
an increase of concrete strength. However, in some studies, although, no damage in the FRP 
bar and surrounding concrete were witnessed, the bond stress still decreased and the reason is 
unknown.  
The majority of the moisture conditions in structural serviceability environments are 
typically in chemical surroundings, such as alkaline, saline and acid attack (Abbasi and Hogg 
2005; Altalmas et al. 2015; Hassan et al. 2016; Zhou et al. 2011; Zhou et al. 2012). Hence 
studies have also investigated the effect of the chemical attacks. The agreement of all the 
studies investigated the effect of chemical attacks is that the chemical attacks imposed a more 
significant damage on the interfacial bond than the potable water; For instance, the alkaline 
solution due to the high OH- ion content is able to weak strength and interfacial bond of glass 
fibre mainly formed by SiO2 in GFRP (Yilmaz and Glasser 1991) and consequently lower the 
performance of the interfacial bond of GFRP bar reinforced concrete specimen. When 
comparing the interfacial bond consisting of GFRP bar and concrete to that consisting of BFRP 
bar and concrete, it is found that the performance of these two specimens was very close under 
saline and alkaline environments provided that the basalt fibre is not known to deteriorate under 
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alkaline or saline solution. The implication is that the fibre types may not be the governing 
factor in the interfacial bond deterioration. In terms of the acidic solution, all studies agreed 
that the acid solution is extremely aggressive, the maximum bond strength decreased 
significantly under the acid solution. 
The influence of freeze/thaw cycling environment on the bond has also attracted the attention 
of researchers (Mashima and Iwamoto 1993; Alvarez et al. 2008; Davalos et al. 2008; Ammar 
2014) since this condition is a dominant environmental condition on many structures in the 
cold regions such as Canada and North America. To date, the majority of the studies use the 
freeze/thaw testing method developed for the concrete for FRP bar to concrete specimens. 
Studies showed that the FRP bar with sand coat degraded more significantly compared to bars 
with pure surface deformation. And the damage on the interfacial bond is more severe with an 
increase of freeze/thaw cycles. In terms of the fibre type, the bond consisting of carbon FRP 
and concrete experienced the least reduction on maximum bond strength. Meanwhile, the 
smaller FRP bar diameter, to a certain extent, can slow down the rate of degradation of the 
interfacial bond subjected to freeze/thaw condition.  
Thermal condition is the primary culprit to the interfacial bond of FRP bar-to-concrete 
composite specimens. At high temperature, the resin that binds the fibres together begins to 
deteriorate. Currently, the lack of a standardised testing method is the primary reason why the 
discrepancy occurs. At present, the effect of thermal environment on the FRP bar to concrete 
bond has been studied extensively (Katz et al. 1999; Balázs–Adorján and Nehme 2005; 
Masmoudi et al. 2011; Calvet et al. 2015; Li et al. 2017). The main finding is that the interfacial 
bond is detrimentally affected by thermal conditioning regardless of short-term or long-term 
exposure. Although the adverse effect on the interfacial bond of FRP bar to concrete cannot be 
eliminated, increasing concrete cover, using different fibre type such as carbon fibre, and 
applying a fire-resistant coat, can lower the rate of degradation at a temperature below 200°C. 
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Studies also suggested that avoiding using sand coated surface texture to reduce the chance of 
sudden debonding of sand coat from the core of FRP bar. Furthermore, the core temperature of 
a specimen at pull-out test is critical to the testing results because the outer surface resin of an 
FRP bar is able to recover partially at ambient temperature, and, thus, the performed pull-out 
tests without allowing the core to cool down can lead to worse bond performance.  
A few experimental studies utilised outdoor conditions (Abedi 2014, Al-Tamimia et al. 
2014) and combinations of two or more conditioning regimes (Belarbi & Wang 2011, El Refai 
et al. 2014). These studies are rather rare to be found and difficult to be compared to other 
environmental tests. Therefore, these studies are not discussed in this section.  
Due to the contradictory and unexplained observations shown in many studies, the durability 
of FRP bar to concrete interfacial bond still requires extensive research effort.  
1.1.3 Current approach in predicting the degradation of bond between FRP and concrete 
1.1.3.1 Externally bonded FRP plate to concrete bond 
To date, several prediction models have been developed to capture the change of interfacial 
bond behaviour under various environmental conditions for FRP plate to concrete, mainly 
under potable water (Tuakta and Büyüköztürk 2011; Silva et al. 2013), saltwater (Al-Rousan 
et al. 2013; Silva et al. 2013; Zhou et al. 2015; Kabir et al. 2016; Biscaia et al. 2019), alkaline 
solution, cyclic freeze/thaw (Pan et al. 2018) and elevated temperature (Dai et al. 2012; Gao et 
al. 2012; Haddad et al. 2013; Silva et al. 2013; Kabir et al. 2016; Biscaia et al. 2019) conditions. 
It is obvious that most of the efforts on the prediction of the FRP plate to concrete bond are 
for elevated temperature because the bond, especially the adhesive component, is highly 
sensitive to high temperature and will degrade when the service temperature goes beyond glass 
transition temperature Tg point. On the other hand, the chemical attack has also received many 
attentions.  
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To develop a prediction model for the interfacial bond between FRP plate and concrete 
incorporating environmental factors requires to predefine a bond stress-slip relationship or a 
strain profile (Yuan et al. 2004; Biscaia et al. 2019). One or more curve calibration coefficients 
are needed to adjust the given model to fit the bond stress-slip curves or strain profiles (Al-
Rousan et al. 2013; Kabir et al. 2016). However, the characteristics of the interfacial bond vary 
with different interfacial materials (concrete, adhesive and FRP reinforcement) and testing 
instrumentations (Yuan et al. 2004). It implies that the interfacial bond law may need to be 
recalibrated when the materials with distinctive properties are introduced. Additionally, the 
durability of the bond also varies with different material properties; the current issue is that the 
majority of the models were only calibrated based on limited test results and in most of the 
cases, the curve-fitting parameters were calibrated based on the authors own experimental data. 
1.1.3.2 Embedded FRP bar to concrete bond 
The prediction models developed for the FRP bar to concrete bond greatly focus on the 
deterioration of the maximum bond strength in which the alternations of ultimate slip under 
various external loadings are rarely investigated and reported. The reason is that the relative 
slip between the FRP bar and concrete is considered negotiable at the level of maximum bond 
stress, which governs the serviceability limit condition (Cosenza et al. 1997) and many 
researchers and engineers only investigate the interfacial bond behaviour at ultimate limited 
state. To date, there are only prediction models developed for FRP bar to concrete bond 
considering thermal loadings (Katz and Berman 2000; Masmoudi et al. 2010; Masmoudi et al. 
2011; Hamad et al. 2017); Unified formulas have not been yet proposed for the specimens 
under hygrothermal conditions, some of this may be due to the large scatter of test results that 
have hindered the development of the formulas (Yan et al. 2016). 
The variable of material properties and environmental regimes hugely influence the 
formation of a prediction model for FRP bar to concrete bond considering long term durability. 
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Hence it is feasible to develop a set of environmental factors based on the probabilistic analysis. 
Several probabilistic analyses based models have been developed for FRP plate and bar to 
concrete bond under various long-term environmental conditioning (Tatar and Hamilton 2016; 
Gravina et al. 2017). The advantage of the probabilistic based models is that it is flexible 
because the statistics-based models do not require to accurately predict each test results, which 
aims to provide a conservative value to satisfy certain conditions. 
1.2 Objectives of Research 
The objective of this research is to quantify the long-term durability of the FRP plate to 
concrete and FRP bar to concrete bond under various environmental conditions. To achieve 
this objective, the primary focus is the influence of commonly experienced environmental 
regimes across the service-life on the interfacial bond between FRP plate to concrete and FRP 
bar to concrete. The specific objectives of this research are: 
1. Investigate the bond behaviour between externally bonded FRP plate-to-concrete bond 
subjected to commonly encountered environmental conditions considering the type of 
adhesive and FRP strengthening processing techniques (pultrusion and wet lay-up); and 
2. Analyse the interfacial bond properties of FRP plate to concrete bond extracted from 
global bond responses from a series of pull-out tests after experiencing various 
environmental conditions. 
3. Provide a comprehensive literature review of FRP bar to concrete bond subjected to 
various aggressive environmental conditions to reveal the shortcoming of existing 
experimental programmes and topics requiring further investigation; 
4. Establish a global experimental database consisting of pull-out test results of FRP bar 
to concrete under several environmental conditions to determine the key parameters 
that govern the deterioration of the interfacial bond; 
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5. Provide a set of simple yet effective environment reduction factors on the basis of the 
collected experimental database, which can be applied in FRP bar reinforced concrete 
members design; 
6. Explore the influence of environmental conditions on the failure modes (FRP bar 
rupture failure and interfacial debonding failure) and effective bond length for 
developing debonding failure force. 
1.3 Outline of the thesis 
This thesis consists of six chapters. 
Chapter one provides a brief background of the environmental durability for externally 
bonded FRP plate strengthened and internally reinforced FRP bar concrete flexural members. 
It also provides the objectives of the research and outline of the thesis.  
Chapter two presents a total of 135 experimental results of FRP plate to concrete bond tests 
under three environmental conditions including cyclic temperature between 12 and 40°C, 
cyclic wet-dry in potable water under ambient temperature and cyclic wet-dry in 5% saltwater 
under ambient temperature. Outcomes of a visual inspection is firstly reported with the help of 
an advanced image processing technique, the changes in debonding failure plane, such as the 
ratio of the exposed concrete substrate and adhesive layer, are quantitatively analysed. Pull-out 
test results are then illustrated in the form of global force-loaded end slip curves and more 
rigorous analysis is undertaken by using the partial-interaction numerical model to extract local 
bond stress-slip relationships for the tested specimens. The results reveal the different bond 
behaviour for the various FRP processing techniques and influence of the conditioning regimes 
on long term performance. 
Chapter three presents a comprehensive database of the results of FRP bar-to-concrete bond 
pull-out test considering various environmental conditions. A total of 1244 test results are 
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collected across seven different environmental conditions. The varying bond specimen 
parameters include geometrical specification, material mechanical and chemical properties. 
The results are quantitatively examined to investigate the contribution to the rate of bond 
degradation. Several critical research gaps are identified and recommendations are provided to 
facilitate the establishment of the unified degradation bond stress-slip formula for FRP bar to 
concrete bond considering the environmental condition and exposure duration. 
Chapter four quantitatively analyses the database obtained from chapter three, all existing 
bond stress-slip curves from past studies are digitalised and regressed on the basis of a modified 
Bettero Popovics Eligehuasen (BPE) bond model. A set of environmental reduction factors are 
proposed using a statistical approach. The analysis results showed a strong correlation between 
interfacial fracture energy and exposure duration and exposure temperature for the samples 
subjected to hygrothermal and dry-thermal conditions, respectively. The longer duration time 
and higher temperature can lead to the lower fracture energy which is due to the degradation 
of the interfacial bond. The change of the interfacial bond behaviour is then used to predict the 
global force and development length using a set of analytical closed-form formulas, the results 
indicate that the failure mode of the FRP bar to concrete specimens tend to change from FRP 
bar rupture failure to interfacial debonding failure and this tendency becomes more progressive 
when the diameter of the FRP bar is greater. Finally, the FRP bar embedment length requiring 
for developing the debonding force is compared to the required design anchorage length 
recommended on ACI guideline. The results show that the amount of embedment length 
required by ACI guideline is very conservative. 
Chapter five provides conclusions of the investigations from chapters two to four, as well as 
series of recommendations for future research. 
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2 DURABILITY AND LONG-TERM PERFORMANCE OF 
FRP-TO-CONCRETE JOINTS UNDER ENVIRONMENTAL 
CONDITIONING: EXPERIMENTAL AND ANALYTICAL 
STUDY 
The work associated with this chapter has been accepted in the peer-reviewed Journal of 
Composites for Construction, ASCE. The accepted paper can be obtained via 
http://dx.doi.org/10.1061/(ASCE)CC.1943-5614.0001023. The version presented in this thesis 
is after peer review and prior to copyediting. Chapter numbers are included in figure and table 
captions for coherence. 
This work can be cited as: Li, J. W., Gravina, R. J., Visintin, P., and Smith, S. T. 
Forthcoming. “Durability and long-term performance of FRP-to-concrete joints under 
environmental conditioning: Experimental and analytical study”, Journal of Composites for 
Construction, ASCE, http://dx.doi.org/10.1061/(ASCE)CC.1943-5614.0001023. 
Synopsis 
Long-term environmental durability is the key to promote the broad use of externally bonded 
FRP strengthening techniques. Although, numerous experimental studies have been conducted 
on externally bonded FRP-to-concrete bond specimens by means of the direct shear pull-out 
test; there is still lacking knowledge of the local and global behaviour of the FRP plate to 
concrete bond under many environmental regimes. To narrow the research gap and expand the 
current experimental database, 135 bond test specimens of FRP plate bonded to concrete 
substrate are fabricated and tested after being subjected to three environmental conditions, 
including cyclic wet-dry in potable water, cyclic wet-dry in saltwater and cyclic temperature 
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between 12 and 40°C. The influence of the conditioning environment is firstly assessed by 
visual inspection on the failure plane using an image processing tool and the global behaviour 
is further investigated. Then, the local behaviour extracting from a numerical model is used to 
determine the deterioration of the interfacial bond between the FRP plate and concrete. 
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Abstract: The external bonding of fibre-reinforced polymer (FRP) composite plates and sheets 
to the tensile surface of reinforced concrete structural elements is a viable retrofitting 
technique. The performance of such strengthened members is strongly influenced by the 
capacity of the FRP-to-concrete bonded interface. The integrity of the interface can, however, 
be compromised over time by harsh environmental conditions. This paper reports an 
experimental investigation on 135 single lap-shear tests with the aim of quantifying the change 
in bond strength and local bond stress-slip properties due to thermal cycling loading as well as, 
wet-dry cycling in both potable water and saltwater conditions. Two types of FRP 
strengthening materials are tested, namely carbon FRP (CFRP) plates formed by pultrusion and 
wet lay-up, in addition to three types of epoxy adhesives with varying degrees of viscosity. The 
results show that the failure modes of specimens under all the considered environmental 
conditions transitioned from cohesive failure to interfacial failure regardless of the conditioning 
regime. For cyclic thermal conditioning, the transition from cohesive to interfacial failure is 
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due to the reduction of the adhesive bonding strength, whereas for cyclic wet-dry conditioning 
the change in failure mode is likely due to the combination of lowered adhesive bonding 
strength and enhanced concrete strength arising from post-curing in the presence of moisture. 
Finally, a bond stress versus slip model that incorporates degradation is used to analyse the 
changes in the key bond parameters that define the trilinear relationship adopted in a partial-
interaction modelling approach. 
Author Keywords: fibre-reinforced polymer; aggressive environments; durability; long-term 
performance; load-slip curve; bond stress-slip behaviour 
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2.1 Introduction 
Fibre-reinforced polymer (FRP) laminates and sheets exhibit several properties that make it 
ideal for retrofitting. These properties include: light-weight, high tensile strength and non-
corrosive nature. Retrofits typically fail via debonding at a load significantly below that of the 
rupture load of the FRP, that is, the behaviour of a retrofitted member is typically controlled 
by the interfacial bond stress-slip behaviour rather than directly by the mechanical properties 
of the FRP. 
Over the last two decades, the impact of aggressive environmental conditions on FRP-to-
concrete joints has been experimentally investigated by several research teams 
(Mukhopadhyaya et al. 1998; Barger 2000; Green et al. 2000; Homam et al. 2001; Blontrock 
2003; Pack 2003; Klamer et al. 2005; Wu et al. 2005; Au and Büyüköztürk 2006; DohnAlek 
2006; Hu et al. 2007; Silva and Biscaia 2008; Lai et al. 2009; Leone et al. 2009; Abbas 2010; 
Colombi et al. 2010; Li et al. 2010; Pan et al. 2010; Benzarti et al. 2011; Cromwell et al. 2011; 
Nishizaki and Kato 2011; Tuakta and Büyüköztürk 2011; Yun and Wu 2011; Dai et al. 2012; 
Shi et al. 2012; Adelzadeh 2013; Al-Rousan et al. 2013; Huang and Ye 2013; Hong et al. 2014; 
Shrestha et al. 2014; Hassan et al. 2015; Tatar and Hamilton 2015a; Zhou et al. 2015; Kabir et 
al. 2016b; Shrestha et al. 2016; Gravina et al. 2017). Two main exposure conditions have been 
typically studied, namely temperature and moisture. The impact of temperature can be further 
divided into two conditioning regimes: exposure to cyclic conditions or exposure to a sustained 
thermal environment. The majority of experimental studies investigating durability under 
cyclic temperature conditions have considered sub-zero temperature to moderate temperature 
cycles with and without de-icing salts (Mukhopadhyaya et al. 1998; Barger 2000; Green et al. 
2000; Homam et al. 2001; DohnAlek 2006; Hu et al. 2007; Colombi et al. 2010; Li et al. 2010; 
Yun and Wu 2011; Shi et al. 2012; Hong et al. 2014). During a freeze-thaw cycle, the joint 
performance of the composite material reduces with an increase in the number of freeze-thaw 
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cycles and the failure plane is generally observed to remain within the concrete substrate. 
Furthermore, the influence of freeze-thaw cycles becomes more substantial when the salt 
solution is participating in the cyclic conditioning (Yun and Wu 2011). 
When considering the influence of exposure to a sustained thermal condition, the range of 
the temperature variation considered has varied from -25 to 200°C (Blontrock 2003; Pack 2003; 
Klamer et al. 2005; Wu et al. 2005; Leone et al. 2009; Li et al. 2010; Dai et al. 2012; Adelzadeh 
2013). It has been shown that in general, the FRP-to-concrete joint performed well under 
temperatures lower than the adhesive glass transition temperature (Tg) although once the 
temperature exceeds Tg the joint strength begins to reduce rapidly. It should also be noted 
however that several studies have shown a reduction in performance can also occur at 
temperatures below Tg (Blontrock 2003; Wu et al. 2005; Leone et al. 2009; Adelzadeh 2013). 
It is obvious that both cyclic and sustained temperature can result in underperformance of the 
FRP-to-concrete joint, however, the study of cyclic temperature in the range of expected 
service temperatures has not been thoroughly investigated to date. That is, only one study was 
found to consider a temperature envelope between 30 and 40°C over a duration of up to 12 
months (Kabir et al. 2016b). In the reported study, an increase in the joint strength of 
approximately 10 % was observed at the end of the experimental duration. This variation in 
temperature range is considered important for the retrofit of structures between north and south 
latitude 40°. In this range of latitude the climate is typically oceanic (marine climate) or humid 
subtropical with average annual temperature ranges of between 10°C and 40 °C. 
Extensive research has considered the influence of moisture on FRP-to-concrete joint 
behaviour, particularly for the case of continuous immersion and cyclic wet-dry conditioning 
in different solutions [typically water and salt solutions (Mukhopadhyaya et al. 1998; Barger 
2000; Au and Büyüköztürk 2006; Silva and Biscaia 2008; Lai et al. 2009; Abbas 2010; Dai et 
al. 2010; Li et al. 2010; Pan et al. 2010; Benzarti et al. 2011; Cromwell et al. 2011; Nishizaki 
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and Kato 2011; Tuakta and Büyüköztürk 2011; Shi et al. 2012; Al-Rousan et al. 2013; Huang 
and Ye 2013; Shrestha et al. 2014; Hassan et al. 2015; Tatar and Hamilton 2015a; Zhou et al. 
2015; Shrestha et al. 2016; Gravina et al. 2017)]. Despite numerous experimental investigations 
conducted to date, there remains a discrepancy in the observed performance of joints under 
moisture conditioning. For example, some studies have found joint strength to increase by 
between 10% and 50% following exposure to moisture (Mukhopadhyaya et al. 1998; Barger 
2000; Pack 2003; Silva and Biscaia 2008; Lai et al. 2009; Pan et al. 2010; Benzarti et al. 2011; 
Shrestha et al. 2014; Hassan et al. 2015; Kabir et al. 2016b; Shrestha et al. 2016; Gravina et al. 
2017). This gain in strength is typically explained by: (i) post-curing of bonding adhesive 
(Barger 2000); (ii) post-hydration of the concrete substrate (Mukhopadhyaya et al. 1998; Pack 
2003; Lai et al. 2009; Pan et al. 2010; Kabir et al. 2016b) and; (iii) redistribution of the strain 
profile allowing the utilisation of longer bond length (Benzarti et al. 2011). Conversely, the 
degradation of joint strength from 3% to 40% under moisture conditioning has been observed 
in the studies of Barger (2000); Homam et al. (2001); Pack (2003); Au and Büyüköztürk 
(2006); Gamage et al. (2009); Lai et al. (2009); Nishizaki and Kato (2011); Shi et al. (2012); 
Huang and Ye (2013); Shrestha et al. (2016); Shrestha et al. (2017), Al-Rousan et al. (2013) 
and Zhou et al. (2015). The studies by Au and Büyüköztürk (2006); Huang and Ye (2013); 
Shrestha et al. (2014) further conclude that this behaviour is primarily explained by the 
plasticisation of the bonding adhesive. Notably, adhesive plasticisation occurred. In this case, 
a higher degree of interface deformation occurs resulting in strain being redistributed along a 
longer bonded length at any given load level. This explanation was also used to explain the 
observed joint enhancement. Therefore, the fundamental mechanism of the joint strength 
changes and the role of the adhesive thus requires further research.  
To this end, a limited number of studies have investigated the durability of CFRP-to-concrete 
bonds under continuous immersion and cyclic wet-dry conditions under normal temperature 
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for up to 24 months by utilising two types of adhesives with varying viscosity (Shrestha et al. 
2014). The authors found no particular relationship between bond strength and exposure 
duration. However, an increase in bond strength was observed at 12 months of exposure 
duration for both types of adhesives. Shrestha et al. (2016) further investigated CFRP-to-
concrete bond performance subjected to continuous immersion in water up to 18 months, using 
seven different FRP reinforcement and resin combinations. Of these specimens, distinctive 
bond performances were experienced. Of the seven composite systems investigated in that 
study, the maximum gain and loss in joint strength were up to 34% and 25% respectively, 
although the explanation was limited regarding the causes of gain and loss in joint strength. 
Variation of joint strength might be related to the stiffness of the applied adhesive and effective 
bond length of the specimens (Dai et al. 2010). It is therefore suggested that further 
investigation needs to be conducted that considers the local bond-slip relationship for 
environmentally impacted FRP-to-concrete joints.  
The majority of studies that have investigated the durability of FRP-to-concrete joints have 
reported only the change of maximum debonding force due to environmental exposure, 
however, very few studies report the full range of the bond stress versus slip relationship 
(Mukhopadhyaya et al. 1998; Barger 2000; Wu et al. 2005; Au and Büyüköztürk 2006; 
Colombi et al. 2010; Li et al. 2010; Yun and Wu 2011; Shi et al. 2012; Hassan et al. 2015; 
Gravina et al. 2017; Shrestha et al. 2017). Such a relationship is needed for the development of 
an interfacial joint degradation model (Aydin et al. 2016a; Gravina et al. 2017) and the 
derivation of a set of environmental reduction factors (Tatar and Hamilton 2015b). 
In experimental studies where the full range bond stress-slip relationship of FRP-to-concrete 
joints has been reported, the bond-slip response is generally derived from strain gauge readings 
recorded along the bonded length of the FRP to concrete substrate (Mukhopadhyaya et al. 1998; 
Green et al. 2000; Leone et al. 2009; Li et al. 2010; Shi et al. 2012; Shrestha et al. 2014; Hassan 
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et al. 2015; Zhou et al. 2015; Kabir et al. 2016a). The strain gauge method has been proven to 
describe the strain distribution along the bonded length, which can subsequently be used to 
derive the bond stress-slip relationship; however this method typically produces a considerable 
scatter of results due to the strain gauge readings being highly sensitive to the substrate 
conditions such as surface roughness, location of aggregates and crack propagation. 
Furthermore, the manner of applying strain gauges is also critical for the final readings. Any 
distortion or loss of adhesive to the strain gauge can alter the actual reading (Vaculik et al. 
2018b). Yuan et al. (2004) proposed the use of an inverse analysis method to extract the local 
bond-slip relationship based on the observed global load-slip relationship to avoid errors in 
strain gauge readings. A comparison of the predictions of global load-slip response based on 
the local bond-slip relationship obtained from strain gauge data and inverse analysis was 
conducted by Zhang et al. (2016) and Vaculik et al. (2018b). These studies showed that a more 
accurate global load-slip response and strain profile along the bonded length can be obtained 
based on the inverse analysis approach.  
The experimental program presented in this paper aims to study the interfacial bond strength 
and behaviour of FRP-to-concrete joints subjected to environmental conditioning, namely 
cyclic temperature ranging from 12°C to 40°C as well as wet-dry cycling in potable water and 
wet-dry cycling in 5% salt solution for a duration of up to 12 months. Two types of FRP 
strengthening materials are utilised, namely unidirectional pultruded CFRP plates (herein 
pultruded plates) and plates formed in a wet lay-up manner from unidirectional carbon fibre 
(herein wet lay-up plates), as well as three types of epoxy adhesives with varying levels of 
viscosity including one high viscosity (HV) and two low viscosity adhesives (LV1 and LV2).  
In total, 135 single lap shear test (SLS) specimens were constructed and tested to failure. 
Upon consideration of the test results and application of a mechanics-based partial interaction 
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model, a local bond stress versus slip (τ-δ) model that captures interface degradation is 
presented that is derived from the global load versus displacement (P-∆) results. 
2.2 Experimental program 
2.2.1 Exposure conditions 
Test specimens were exposed to three conditions (cyclic temperature, wet-dry cycling in 
potable water, and wet-dry cycling in saltwater) to assess the durability of FRP-to-concrete 
joints tested in a single lap shear configuration. To enable comparison of common retrofit 
techniques, both pultruded and wet lay-up plate systems were considered. A range of adhesives 
was used to bond the FRP plates to the concrete, namely (i) high viscosity (HV) and low 
viscosity (LV1) epoxies for bonding the pultruded plates, and (ii) a low viscosity epoxy (LV2) 
for the wet lay-up plates.  
Table 2-1 summarises the test plan and the number of specimens tested for each 
environmental conditioning regime. Environmental conditioning was carried out for durations 
of 0, 3 and 12 months. To reduce the impact of concrete ageing, environmental conditioning 
commenced 10 months after the initial casting of the concrete. The actual age of the specimens 
at test is listed in the “age” row of Table 2-1.  
Each of the conditioning regimes contained 45 samples of which 27 specimens were 
ageing/control specimens and 18 specimens were used for testing after environmental 
exposure. The control specimens were kept under an ambient condition with an average 
temperature of 20°C. They were tested prior to the commencement of environmental 
conditioning (at an age of 10 months) and after 3 and 12 months of environmental conditioning 
(i.e. at an age of 13 and 22 months respectively). 
 
 34 
Table 2-1. Joint test plan 
Components Conditioning regimes 
FRP type Adhesive 
Wet-dry in water 
Wet-dry in 5% salt 
solution 
Cyclic temperature 
Control Cond.a Control Cond. Control Cond. 
Age (month) 10 13 22 13 22 10 13 22 13 22 10 13 22 13 22 
Exposure Duration 
(month) 
0 3 12 3 12 0 3 12 3 12 0 3 12 3 12 
Pultruded 
Plate (No. 
of 
samples) 
HV 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 
LV1 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 
Wet lay-
up plate 
(No. of 
samples) 
LV2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 
Total number of 
samples 
27 18 27 18 27 18 
a Cond. = Conditioning 
2.2.1.1 Cyclic temperature 
During conditioning, the temperature was cycled between 12°C and 40°C while the relative 
humidity level was held constant at 50%. The range of temperature was chosen to simulate the 
variation in temperature throughout the year for a location resting between north and south 40° 
latitude. 
Specimens were stored in an environmental chamber (Thermoline TRH-460 with solid door) 
as shown in Figure 2.1 in order to apply cyclic temperatures. To enable a sufficient amount of 
time for the specimens to heat and cool, a 24-hour cycle (12 hours at 12°C and 12 hours at 
40°C) was implemented as shown in Figure 2.2. Also shown in Figure 2.2 is the measured 
change in temperature within the chamber which shows that in order to overcome the thermal 
mass of the specimens, nearly the entire 12-hour cooling cycle was required to reduce the 
temperature from 40°C to 12°C. 
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Figure 2.1. Temperature chamber and specimens. 
 
Figure 2.2. Conditioning regime of cyclic temperature (blue dashed line represents a 
complete 24-hour cycle). 
2.2.1.2 Cyclic wet-dry cycles in potable water or salt solution 
Exposure to cyclic wet-dry conditions was considered for both potable water and sodium 
chloride (NaCl) solution (5 % NaCl by weight). Each set of samples was kept in plastic tubs, 
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while the water level was closely monitored to ensure the samples remained fully immersed 
(Figure 2.3). Wet-dry cycling involved full-immersion for seven days in potable water and 5% 
NaCl solution with a pH value of 6.95 followed by seven days’ exposure to ambient laboratory 
conditions. At the end of each cycle, the water or salt solution was replaced to ensure the pH 
remained relatively constant. It is important to be highlighted that calcium leaching is a 
common observation in concrete in moisture conditions which may contribute to the variation 
of the joint response. Further studies may need to separately investigate the influences of 
calcium leaching on the interfacial bond as this parameter was not isolated in this study. 
 
Figure 2.3. Wet-dry cycling specimens. 
2.2.2 Material properties 
2.2.2.1 Concrete 
Ready-mix concrete with a target 28-day compressive strength (fcm) of 25 MPa and a slump 
of 80 mm was used for all specimens. The concrete was prepared based on a mix design 
provided in Table 2-2, while the coarse aggregate was sourced from weathered basalt rocks. 
The ratio between the size of coarse aggregate and the width of the bonded plate may 
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significantly influence the interfacial bond; in this case, the width of the plate needs to be less 
than 2 times the aggregate size (Carrara et al. 2011). In this study, a maximum aggregate of 14 
mm was selected, which is about 3.6 times less than the width of the plate. Similar ratios have 
been considered in past studies (Czaderski et al. 2010; Hadigheh et al. 2015; Tatar and 
Hamilton 2016). 
The 28-day uniaxial compressive strength was then determined in accordance with ASTM 
C39/C39M (ASTM 2011a) on standard cylinders with 200 mm height and 100 mm diameter. 
It should be noted that the 0-month control specimens were determined at the commencement 
of environmental conditioning, which was 10 months after casting. The delay in the 
commencement of environmental conditioning was undertaken in order to minimise the 
influence of concrete ageing during testing.  
Table 2-2. Concrete mix design 
Component Material per 1 m3 of concrete 
General Portland 
cement 
300 kg 
Max.14 mm Aggregates 865 kg 
River sand 890 kg 
Water 200 kg 
 
2.2.2.2 FRP plate/sheet 
Two types of unidirectional CFRP reinforcement (Figure 2.4) were considered in the 
experimental program, namely pultruded plate of 50 mm width and 1.5 mm thickness, as well 
as wet-lay-up plates consisting of three layers of carbon fibre fabric with a fabric width 50 mm 
and thickness of 0.136 mm. After saturation, the nominal thickness was 1.5 mm. The 
mechanical properties of pultruded and wet lay-up plates were determined from tensile coupons 
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tested in accordance with ACI 440.3R-04 (ACI 2004). The dimensions of the coupons were 
300 mm × 26 mm × 1.5 mm (length × width × thickness). Two pairs of aluminium tabs (length 
of 50 mm and width of 26 mm) were bonded to both sides of the specimens to prevent fibre 
splitting under the gripping force applied by the mechanical grips. An extensometer with a 
gauge length of 50 mm was equipped at the mid-height of each tensile coupon in order to 
monitor the change of length. Testing was conducted in a universal-testing machine of 250 kN 
capacity in a displacement controlled mode at a rate of 1 mm/min.  The summary of tested 
mechanical properties of the FRP reinforcements is shown in Table 2-3. 
  
(a) (b) 
Figure 2.4. FRP plate material (a) Pultruded plate, (b) Carbon fibre fabric. 
Table 2-3. FRP properties 
Mechanical properties Pultruded plate Wet lay-up plate 
Tensile strength (MPa) 2,590 (6.4%)a 727 (2.4%) 
Tensile modulus (GPa) 177 (1.8%) 57 (0.8%) 
Elongation at break (%) 1.46% (4.8%) 1.28% (3.0%) 
a Coefficient of variation presented in brackets 
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2.2.2.3 Epoxy adhesive 
Two-part epoxies, consisting of bonding and hardener components, were utilised in this 
study. One epoxy was of high viscosity (HV) while two were of low viscosity (LV1, LV2). 
The HV and LV1 adhesives were thixotropic, based on two-part solvent-free epoxy resin with 
chemical components including (quartz and bisphenol-A) and 2,2,4-trimethylhexane-1,6-
diamine respectively. The epoxy resin LV2 was based on bisphenol-A.  
During specimen preparation, each bonding agent and hardener were mixed according to the 
manufacturer’s instructions and all specimens were cured under ambient conditions 
(approximately 20°C) prior to testing or environmental conditioning. The manufacturer 
reported properties of the adhesives are provided in Table 2-4. 
Table 2-4. Adhesive properties  
Propertiesa HV LV1 LV2 
Tensile strength (MPa) 33 29 30 
Tensile modulus (GPa) 4.5 1.5 4.5 
Shear strength (MPa) >15 35 - 
Elongation at break (%) 1.00 4.6 0.9 
Glass transition point (°C) 62 56 58 
CTE (per °C) 9.0X10-5 - 4.5X10-5 
aManufacturer values. 
2.2.3 Test specimens and preparation 
One hundred and thirty-five (135) concrete prisms each with nominal cross-sectional 
dimensions of 150 x 150 mm and 300 mm length were cast in three batches. After casting, 
specimens were allowed to cure for 24 hours before demoulding, after which they were kept 
moist for 28 days. To ensure an adequate bond between the FRP plate and concrete, the 
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concrete surface was sandblasted to the roughness of CSP5 in accordance with ICRI-310.2R 
(ICRI 2013) (Figure 2.5).  
 
Figure 2.5. Typical surface roughness of concrete prisms after sandblasting procedure. 
FRP plates and sheets were cut to size (width of 50 mm and length of 400 mm) using a 
guillotine and scissors respectively.  
The FRP reinforcements were adhesively bonded to the concrete substrate 4 months after 
the casting date to ensure the dried surface condition, and mitigate the effect of the dry 
shrinkage. The geometry of the SLS test specimens is shown in Figure 2.6, in which the bonded 
section of the plate and sheet was 50 mm width and 220 mm length. An unbonded length of 40 
mm was maintained at the loaded end of the prism to avoid wedge failure at the loaded end of 
the test joint during testing. Both the pultruded plate and the wet-lay-up sheets were applied 
according to the manufacturer’s specifications. In the case of pultruded plates, a uniform 
adhesive thickness of 4 mm was applied with tile spacers placed at the edges of the strips in 
order not to interfere with the bondline. This thickness of adhesive was based on the findings 
of Hadigheh et al. (2015), who conducted an experimental investigation on bond behaviour of 
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FRP reinforcement externally bonded concrete specimens with various adhesive thickness, and 
found that the maximum bond force increased with the increase on the bondline thickness 
where the increasing trend becomes negligible after 4 mm. 
 
Figure 2.6. Specimens specification (note: dimensions in mm). 
After bonding, the FRP the prisms were left in ambient laboratory conditions for at least ten 
months prior to the commencement of environmental conditioning. 
2.2.4 Test setup and instrumentation 
During testing, the SLS test specimen was set up horizontally as shown in Figure 2.7 where 
the concrete prism was placed on a high strength metal base and positioned against the front 
reaction plate. In order to avoid overturning during loading, a restraint was placed at the 
unloaded end of the block. 
A linear variable displacement transducer (LVDT) was used to measure the relative slip of 
the FRP to the concrete at the loaded plate end. Specifically, an aluminium angle was glued on 
the central longitudinal axis of the FRP plate at the commencement of the bonded region while 
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the LVDT was mounted to the concrete block above the FRP plate and then reacted off the 
angle to then directly measure the slip under the applied load. 
  
(a) (b) 
Figure 2.7. SLS test setup: (a) Schematic drawing, and (b) photograph. 
A load was applied to the FRP plate using a hydraulic actuator with a capacity of 200 kN. In 
order to obtain the full-range P-∆ curve, each test was conducted under displacement control 
at a rate of 0.2mm/min until full debonding of the FRP reinforcement from the concrete 
substrate occurred. In order to avoid splitting under the gripping force from the mechanical 
jaws of the actuator, two aluminium plates (50 mm × 100 mm) were adhesively bonded to both 
sides of the FRP plate. 
2.3 Experimental Results 
The influence of different conditioning exposures on the material properties and bond 
behaviour is discussed in this section. The identification of each SLS test specimen is based on 
the following designation: conditioning status (C-Control and conditioned-no letter) - 
conditioning type (T-cyclic temperature, WD- wet-dry with potable water, S- wet-dry with 
saltwater) - reinforcement and resin combination (HV-pultruded plate with high viscosity resin, 
LV1- pultruded plate with low viscosity resin 1, LV2-wet-layup plate with low viscosity resin 
2) - exposure duration (0, 3 and 12 months). For example, a sample containing a pultruded 
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plate bonded with HV subjected to cyclic temperature for 12-month is identified as T-HV-12 
and its corresponding aged control sample is denoted as CT-HV-12. 
2.3.1 Material testing 
2.3.1.1 Concrete 
The results of the uniaxial concrete compression tests are summarised in Appendix A. The 
control specimens show that very little change in strength occurred following the 
commencement of environmental conditioning, which is unsurprising given that the specimens 
were aged for 10 months prior to environmental conditioning.  
For concrete subjected to temperature cycles between 12°C to 40°C, a reduction in concrete 
strength approximately 5% over 12 months’ period is observed. Such a reduction can be 
attributed to the formation of micro-cracks generated during thermal cycling. For concrete 
subjected to wet-dry cycles in either potable or saltwater, the strength increased up to about 
20% over time due to post-hydration of the concrete. 
2.3.1.2 FRP reinforcement 
Due to the importance of the tensile modulus of the FRP reinforcement to the interfacial 
bond-slip behaviour (Vaculik et al. 2018a; Vaculik et al. 2018b), the change in tensile modulus 
of the pultruded and wet lay-up plates following environmental conditioning was identified 
and is shown in Figure 2.8. It is noted that the pultruded plate coupons experienced no 
improvement in tensile moduli under any type of conditions in this study, while a maximum 
decrease of approximately 10% in tensile modulus under saltwater was observed. Meanwhile, 
marginal influence from the thermal and potable water conditions was observed on the tensile 
moduli of the pultruded plate coupons. In contrast, about a 7% increase of tensile modulus was 
observed on the wet lay-up plate coupons in potable water after 3 months’ conditioning, which 
is due to post-curing of the wet lay-up specimens. For the wet lay-up coupons under thermal 
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and saltwater conditions, similar to the pultruded plate coupons, around 10% decrease of 
moduli were observed. In general, the influence of saltwater was more substantial than that of 
potable water on the tensile modulus of both pultruded and wet lay-up plates. 
  
(a) (b) 
Figure 2.8. Influence of conditioning on tensile modulus of (a) pultruded plate, (b) wet lay-up 
plate. (T-cyclic temperature, WD- wet-dry with potable water, S- wet-dry with saltwater). 
2.3.2 Single lap shear tests 
2.3.2.1 Failure modes 
Figure 2.9 shows the failure surfaces of specimens for each FRP/adhesive combination, 
namely, FRP plate with HV adhesive, FRP plate with LV1 adhesive, and FRP fabric with LV2 
adhesive. The photos are indicative for each test series under the environmental conditioning. 
For the control specimens, failure occurred within the concrete substrate (cohesive failure) with 
a negligible portion of the plate undergoing debonding between the adhesive layer and concrete 
substrate (interfacial failure). In order to determine the change in failure mode from cohesive 
to interfacial failure, ImageJ (1.52i) was used. ImageJ (1.52i), a Java-based image processing 
program, has been used in many areas of civil engineering, such as measuring crack width of 
a self-healing concrete (Luo and Qian 2016), inspecting void structures of an enzyme brick 
(Mitikie and Lee 2019) and analysing core of pavement and concrete samples (Kapitány and 
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Barsi 2015). Colour-threshold, as a built-in function, was utilised to analyse the colour 
difference between the concrete substrate, adhesive and FRP plate. The colours are determined 
based on three parameters including Hue, Saturation and Brightness (HSB). The values of these 
three parameters can be adjusted to precisely capture the target colours. The details of the image 
processing algorithm can be found in Ferreira and Rasband (2012). Using the colour-threshold 
as an indicator, the area of the exposed concrete substrate, adhesive and FRP plate were 
identified to quantify the location of the failure surface (adhesive, adhesive/plate interface, 
adhesive/concrete substrate interface or concrete substrate). 
 HV LV1 LV2 
Control 
   
Cyclic 
temperature-3 
months    
Cyclic 
temperature-
12 months    
Cyclic wet-dry 
in tap water-3 
months    
Cyclic wet-dry 
in tap water-
12 months    
Cyclic wet-dry 
in 5% salt 
solution-3 
months    
Cyclic wet-dry 
in 5% salt 
solution-12 
months    
Figure 2.9. Change of failure modes throughout duration of conditioning. 
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As seen in Figure 2.10, the area of interfacial failure (i.e. the proportion of concrete substrate 
no longer attached to the FRP plate at debonding) increased with environmental exposure time. 
The percentage of the debonding area can be calculated by using Eq. 2-1: 
𝐷(%) =
𝐴𝑎𝑑ℎ + 𝐴𝑙
𝐴𝑡𝑜𝑡
× 100% 2-1 
where D is the interfacial debonding area, Aadh is the exposed area of adhesive, Al is the exposed 
area of FRP plate/fabric, and Atot is the total area of the failure plane (approximately 220 
mm×50 mm). 
 
Figure 2.10. Typical change of interfacial failure area at different exposure durations. 
Figure 2.11 presents the percentage of interfacial debonding area under exposure to (a) cyclic 
temperature, (b) wet-dry in tap water and (c) wet-dry in 5% salt solution are compared for each 
FRP and adhesive combination. For specimens exposed to temperature cycling (Fig 11a), it 
can be seen that with an increase in exposure time, the amount of concrete debonded from the 
FRP plate increases, hence the failure mode transitions from cohesive to interfacial failure. The 
HV samples experienced the most significant increase in the area of concrete debonded from 
the plate at failure from exposure times 0 to 12 months, thus indicating that this adhesive is the 
least durable to cyclic temperature environment. Concrete material testing indicated that the 
concrete strength decreased with exposure time. This is likely due to the damage of the cyclic 
thermal expansion. 
C-LV1 WD-LV1-3 WD-LV1-12
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For specimens exposed to wet-dry cycles in either potable or saltwater (Figure 2.11(b) and 
(c), respectively), the increase in the area of concrete that was debonded from the plate at failure 
also increased and the amount of increase was found to be higher than that in the thermal 
condition. The HV series was the exception. Despite the concrete being subjected to wet-dry 
cycles in either potable or saltwater, its strength increased over time due to post-hydration. As 
the exposure time increased, the failure mode was mixed between cohesive failure and 
interfacial failure, which is consistent with past studies (Benzarti et al. 2011; Al-Rousan et al. 
2013; Shrestha et al. 2014). It is interesting to note that for the environmental conditioning the 
LV1 series experienced the least transition from cohesive failure to interfacial failure in all 
regimes. Furthermore, the FRP plate with high viscosity adhesive was more greatly affected 
by cyclic temperature than other specimen types. 
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(c) 
Figure 2.11. Extent of interfacial debonding area under variable exposure conditions: (a) 
cyclic temperature, (b) cyclic wet-dry in water, (c) cyclic wet-dry in 5% salt solution. 
2.3.2.2 Global load-slip behaviour (P-∆ curves) 
The global load-slip (P-∆) behaviour (Figure 2.12) is an essential experimental output, as it 
is used to extract the local bond stress versus slip properties. From the load-slip curve, two key 
points are therefore tabulated, namely, the maximum failure force (Pmax) and the corresponding 
loaded end slip (Smax). Importantly, it should be noted that the reported Pmax does not always 
correlate directly to the commencement of global debonding. For example, in Figure 2.12(a-
b), two typical P-∆ curves are provided in order to highlight the influence of the frictional 
component in relation to the local τ-δ properties. The difference is reflected on the Pmax result 
where Pmax is equal to the load at the initiation of debonding (Pini) when no frictional component 
is presented; otherwise, the value of Pmax is greater than Pini as illustrated in Figure 2.12(b). In 
many studies, the definition of Pini has either not been reported or has been identified as Pmax. 
The corollary of which is that the frictional branch is ignored which will lead to an upper bound 
estimate of the fracture energy (Gf) when calculated based on Eq. 2-2 (Täljsten 1996) in which 
Afrp is denoted as the cross-sectional area of FRP reinforcement (mm
2) and Lper is the perimeter 
of the FRP plate (mm) which is in contact with the bonded interface. 
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𝐺𝑓 = 𝑃𝑖𝑛𝑖
2 /(2𝐸𝑓𝑟𝑝𝐴𝑓𝑟𝑝𝐿𝑝𝑒𝑟) 2-2 
As aforementioned, two sets of specimens were prepared for this experimental study, namely 
the control/ ageing group and the exposed group. Firstly, consider the P-∆ curves of the ageing 
control group as demonstrated in Figure 2.13(a-i) from which it can be seen that in general 
there exists a small amount of scatter between the individual test results. Where differences are 
observed, such as in initial ascending slope, the reason can be attributed to the heterogeneous 
nature of concrete, the existence of micro-cracks under the bonded region and the uneven 
bondline thickness (Gravina et al. 2017). Additionally, the difference also observed on the 
debonding branch of the curve (after Pini) is a function of the interfacial friction related to the 
mechanical interlock between the irregular debonding surface and underlying aggregate (Yuan 
et al. 2004).  
  
(a) (b) 
Figure 2.12. Synthetic load versus slip curves assuming tri-linear bond-slip relationship (a) 
with friction and (b) without friction generated using plate width of 50 mm, length of 220 
mm, Efrp=210 GPa, δ1=0.05 mm, δini=0.22 mm, δult=0.37 mm, τmax=6.4 MPa and τf=0.5 MPa 
(only for the curve with frictional component). 
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Despite some scatter, it is observed that the Pini values of the samples with different ages are 
very close, including the corresponding slip at Pini (Sini). It is believed that the reason for similar 
P-∆ curves with different age is due to a stabilised fcm as discussed previously. It is also shown 
that the properties of the epoxy adhesive and FRP plate/fabric are not affected under ambient 
condition throughout this experiment. It needs to be highlighted that joints CT-HV -0 and CT-
LV1-0 appear to behave differently from the remainder of the samples under the same group, 
showing different Pini and Sini values. Hence CT-HV-0 and CT-LV1-0 were excluded from the 
analysis. The results of each individual test are provided in Appendix B. 
 
Figure 2.13. Average global load versus displacement curves of control samples: (a-c) 
cyclic temperature, (d-f) cyclic wet-dry in water, and (g-i) cyclic wet-dry in 5% salt solution. 
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Figure 2.14 shows the average global load versus displacement curves for the control 
samples compared to the environmentally conditioned samples for exposure durations of 3 and 
12 months. Overall, similar P-∆ curves are observed for LV2 series under 3 and 12 months’ 
exposure, where there was a minor influence on the Pini value. For the samples under cyclic 
temperature ranging from 12°C to 40°C, noticeable changes in Pini were observed for T-HV 
samples and T-LV1 samples, as shown in Figure 2.14(a) and (b), after 3 and 12 months’ 
exposure. Over 15% reduction on Pini was observed on HV series after 3 month’s cyclic 
temperature treatment. Meanwhile, LV series experienced a similar percentage of Pini 
reduction. 
 
Figure 2.14. Average global load versus displacement curves of control samples and 
corresponding environmental conditioning samples exposed to (a-c) cyclic temperature, (d-f) 
cyclic wet-dry in water, and (g-i) cyclic wet-dry in 5% salt solution. 
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The debonding strength of samples subjected to cyclic wet-dry conditions in either potable 
water or 5% salt solution was enhanced after exposure as shown in Figure 2.14(d), (e), (g) and 
(h). This increased FRP-to-concrete joint debonding initiation strength was also observed in 
past studies (Silva and Biscaia 2008; Lai et al. 2009; Dai et al. 2010; Shrestha et al. 2014; 
Hassan et al. 2015; Sultan et al. 2015; Shrestha et al. 2016; Gravina et al. 2017).  
2.3.2.3 Initiation of debonding capacity (Pini) 
Figure 2.15 shows the effect of different environmental conditions on the debonding 
initiation capacity, for cyclic temperature, cyclic wet-dry in water and cyclic wet-dry in the salt 
solution. Generally, it can be seen that the LV2 series samples experienced a slight reduction 
in the joint strength regardless of the conditioning regime and any change in concrete strength. 
The variation of Pini for the HV and LV1 series, in most of the cases, aligned with the change 
of the compressive strength. For the environmental condition of temperature cycling, the 
strength of the concrete substrate decreased along with the initiation of debonding force Pini. 
For the environmental condition of cyclic wet-dry in water and salt solution, the concrete 
substrate strength increased over exposure duration and hence the initiation of debonding force 
was also increased regardless of FRP-adhesive combination. An exception occurred in the LV2 
series tests at 3 months under 5% salt solution where the system experienced an initial reduction 
in Pini. 
According to the results shown in Figure 2.15(a-c), the change of Pini appears to be not totally 
explained by the change of fcm as the debonding interface changed from the concrete substrate 
to the concrete and adhesive interface in all cases as illustrated in Figure 2.11. Therefore, the 
influence of concrete strength becomes less important in defining Pini and the property of the 
epoxy adhesive, especially its bonding strength that links adhesive and concrete, may 
contribute greatly to the variation of Pini. This point is discussed in the following sections. 
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(a) (b) 
 
(c) 
Figure 2.15. Influence of exposure conditions on Pini: (a) cyclic temperature, (b) cyclic 
wet-dry in water, and (c) cyclic wet-dry in 5% salt solution. 
2.4 Bond stress-slip model 
An inverse analysis technique is used to extract the local bond-slip (τ-δ) properties from the 
measured P-Δ response. A specific shape of the bond-slip relationship is first assumed in this 
case the tri-linear relationship given by Eqs. 2-3 and 2-5 which is defined by the peak bond 
stress τmax and corresponding slip δ1 and the frictional stress τf and slip at the commencement 
of the frictional branch δini. 
0 2 4 6 8 10 12
0.8
0.9
1.0
1.1
1.2
1.3
1.4
0.8
0.9
1.0
1.1
1.2
1.3
1.4
N
o
rm
al
is
ed
 c
o
m
p
re
ss
iv
e 
st
re
n
g
th
, 
f c
m
N
o
rm
al
is
ed
 d
eb
o
n
d
in
g
 i
n
it
ia
ti
o
n
 l
o
ad
, 
P
in
i
Duration (months)
 T-HV
 T-LV1
 T-LV2
 f
cm
0 2 4 6 8 10 12
0.8
0.9
1.0
1.1
1.2
1.3
1.4
0.8
0.9
1.0
1.1
1.2
1.3
1.4
N
o
rm
al
is
ed
 c
o
m
p
re
ss
iv
e 
st
re
n
g
th
, 
f c
m
N
o
rm
al
is
ed
 d
eb
o
n
d
in
g
 i
n
it
ia
ti
o
n
 l
o
ad
, 
P
in
i
Duration (months)
 WD-HV
 WD-LV1
 WD-LV2
 f
cm
0 2 4 6 8 10 12
0.8
0.9
1.0
1.1
1.2
1.3
1.4
0.8
0.9
1.0
1.1
1.2
1.3
1.4
N
o
rm
al
is
ed
 c
o
m
p
re
ss
iv
e 
st
re
n
g
th
, 
f c
m
N
o
rm
al
is
ed
 d
eb
o
n
d
in
g
 i
n
it
ia
ti
o
n
 l
o
ad
, 
P
in
i
Duration (months)
 S-HV
 S-LV1
 S-LV2
 f
cm
 54 
 
 
 
Figure 2.16. Extraction of τ-δ relationship of CS-LV1-3 specimen by curve-fitting the 
global P-∆ response. 
Using the assumed local bond properties, the partial interaction model simulates the global 
load end slip relationship while the local properties are updated to minimise the error between 
the measured and calculated load end slip behaviour. The detailed partial-interaction model 
explanation can be seen in Section 1.1.1.3. An example of the correlation between the measured 
and calculated load end slip behaviour is shown in Figure 2.16 while the extracted tri-linear τ-
δ relationships corresponding to each average load slip curve is illustrated in Figure 2.17, with 
key points provided in Appendix C. These results reveal two main features: 1) the overall 
maximum bond stress deteriorates after the exposure regardless of the type of condition and 
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sample series, and 2) the corresponding slip (δini) at debonding initiation point increased after 
environmental exposure. The details of the variations of each parameter are discussed in the 
following sections. 
 
Figure 2.17. Variation of the bond stress-slip relationship after exposure to (a-c) cyclic 
temperature, (d-f) cyclic wet-dry in water, and (g-i) cyclic wet-dry in 5% salt solution. 
2.4.1 Maximum bond strength (τmax) 
Figure 2.18 shows the trend of the maximum bond strength τmax under exposure conditions 
of cyclic temperature, cyclic wet-dry in water and cyclic wet-dry in a salt solution. The 
degradation of τmax observed in this study is found to be influenced by the exposure regime as 
indicated in Figure 2.18(a-c). In Figure 2.18 the reduced peak stress of the samples under cyclic 
temperature environment is likely due to a lowered adhesion force caused by adhesion property 
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degradation. In Figure 2.18(a), T-LV1 samples experienced slightly higher degradation of the 
interfacial bond strength where an approximately 25% reduction of τmax was observed. 
Additionally, the τmax for T-HV and T-LV2 specimens exhibit similar resistance in cyclic 
temperature attacks; however, the conditioned T-HV samples illustrate slightly better 
resistance at three months compared to that of T-LV2 samples. Furthermore, both T-HV and 
LV1 specimens yield the lowest average τmax at 12 months where the residual strength is 
approximately 80% of its original value.  
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Figure 2.18. Influence of exposure conditions on τmax: (a) cyclic temperature, (b) cyclic wet-
dry in water, and (c) cyclic wet-dry in 5% salt solution. 
The effect of cyclic wet-dry environments for water and salt solution on τmax is shown in 
Figure 2.18(b) and (c), respectively. It is noted that the maximum interfacial stress for HV 
series in water and salt solutions is enhanced at three months followed by a stress reduction at 
12 months of age. The increase of τmax for samples from the HV series may result from the 
enhancement in concrete strength which outweighs the drawback of deterioration in adhesive’s 
bonding strength. The increase the τmax at 3 months’ exposure time is not observed for the LV1 
and LV2 specimens both with low viscosity adhesive. Importantly, compared to the HV and 
LV1 series tests, the interfacial joint strengths of the WD-LV2 and S-LV2 samples experienced 
greater loss at 12 months from 25% to 35% for the water and salt conditions, respectively. On 
the basis of the current results, the downtrend slope of normalised τmax is steeper between 0 and 
3 months compared to that between 3 and 12 months. This observation indicates that the 
majority of the bond deterioration initiates at the early stage while the change of the bond 
strength then becomes more stable. 
2.4.2 Slip at maximum interfacial stress (δ1) and debonding initiation (δini) 
The change in slip at maximum interfacial stress (δ1) is demonstrated in Figure 2.19(a-c). 
For the majority of the samples δ1 increased with exposure duration, however, T-HV and WD-
LV2 specimens exhibited a reduction of δ1 at the 12th month. It is expected that the δ1 values 
will fluctuate as they are strongly associated with the local distribution of aggregate and 
stiffness of the substrate. The influence of different environmental exposures on δini is shown 
in Figure 2.20(a-c). For all specimens, the δini value increased with an increase in exposure time 
for all environmental conditions except for the T-HV samples which showed a reduction at 12 
months of approximately 10%. This reduction is attributed to the almost full transition from 
cohesive bond failure to interfacial bond failure experienced for this type of FRP adhesive 
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system as evident in Figure 2.11(a). This increase in δini was found to be more significant for 
specimens under moisture conditions than that of the thermal conditions, with the most 
considerable increase in δini found to be from the WD-HV and S-HV series, where increases 
from 70% and 90% were experienced. The cause of the larger change for the cyclic wet-dry 
conditions may be attributed to the presence of moisture which can act as a plasticiser to the 
epoxy adhesive and also to reduce the mechanical properties of the adhesive, particularly its 
stiffness (Barger 2000; Au and Büyüköztürk 2006; Yang et al. 2008). 
  
(a) (b) 
 
(c) 
Figure 2.19. Influence of exposure conditions on δ1: (a) cyclic temperature, (b) cyclic wet-dry 
in water, and (c) cyclic wet-dry in 5% salt solution. 
0 2 4 6 8 10 12
0.0
0.5
1.0
1.5
2.0
2.5
3.0
 T-HV
 T-LV1
 T-LV2
N
o
rm
al
is
ed
 s
li
p
, 
 1
Exposure duration (Months)
0 2 4 6 8 10 12
0.0
0.5
1.0
1.5
2.0
2.5
3.0
 WD-HV
 WD-LV1
 WD-LV2
N
o
rm
al
is
ed
 s
li
p
, 
 1
Exposure duration (Months)
0 2 4 6 8 10 12
0.0
0.5
1.0
1.5
2.0
2.5
3.0
 S-HV
 S-LV1
 S-LV2
N
o
rm
al
is
ed
 s
li
p
, 
 1
Exposure duration (Months)
 59 
 
 
  
(a) (b) 
 
(c) 
Figure 2.20. Influence of exposure conditions on δini: (a) cyclic temperature, (b) cyclic wet-
dry in water, and (c) cyclic wet-dry in 5% salt solution. 
2.4.3 Effective bond length (Leff) 
The effective bond length denoted as Leff, is defined as the length of the bond required to 
reach stable debonding at a load of Pini which corresponds to Pmax when friction is ignored 
(Chen and Teng 2001; Yuan et al. 2004). Upon extension of the bond length beyond Leff, no 
additional benefit is observed in terms of joint strength when friction is ignored and this 
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represents the length to achieve a lower bound on the full debonded capacity for joints in which 
friction occurs. Upon utilisation of the extracted interfacial bond stress-slip relationship, the 
Leff of the tested specimens can be easily calculated based on Eqs. 2-6 and 2-7 in which EfrpAfrp 
and EcAc are the axial stiffness of the FRP reinforcement and concrete substrate, respectively, 
as shown below (Caggiano et al. 2012; Vaculik et al. 2018a):  
𝐿𝑒𝑓𝑓 =
𝜋
2
√
𝛿𝑖𝑛𝑖 − 𝛿1
𝜏𝑚𝑎𝑥𝛽
 2-6 
𝛽 = 𝐿𝑝𝑒𝑟(
1
𝐸𝑓𝑟𝑝𝐴𝑓𝑟𝑝
+
1
𝐸𝑐𝐴𝑐
) 2-7 
 
This equation was derived to predict the Leff of the samples with a bi-linear relationship 
(without friction). For the samples with a frictional component as shown in Figure 2.12(b), the 
continuously increased joint strength with longer bond length hindered the extraction of Leff. In 
order to acquire the Leff with existing τ-δ properties, the authors deliberately neglected the 
frictional component in the tri-linear bond-slip relationship, by extending the linear-descending 
branch (stage II) of the τ-δ curve to meet the x-axis. By doing so, the tri-linear relationship was 
converted to a bi-linear relationship; a conservative Leff value can, therefore, be calculated. The 
arising Leff results are shown in Appendix C. From the calculated Leff, it is evident that a longer 
bonded length Lb is required to achieve Pini for the specimens subjected to longer exposure 
durations as shown in Figure 2.21. Upon consideration of the environmental conditioning, 
specimens subjected to thermal cycling exhibited less increase in Leff over time compared to 
wet-dry conditioned series. The most significant increase in Leff occurred for the T-LV1 series 
with an increase of 35% at 12 months. Specimens subjected to cyclic wet-dry in water and 5% 
salt experienced the greatest increase in effective bond length. The greatest increase was 
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observed on WD-LV1(75%) and S-LV2(70%) samples for wet-dry in water and salt, 
respectively. It is noted that the Leff property is highly related to the quality of the interfacial 
bond in which the deterioration of the adhesive stiffness is the main factor that results in the 
elongation of Leff  (Guo 2003). As mentioned previously, under moisture conditions the stiffness 
of the epoxy adhesive is reduced more severely than that in a cyclic temperature condition 
(Nguyen et al. 2012), and hence a more significant extension on Leff is experienced. 
  
(a) (b) 
 
(c) 
Figure 2.21. Influence of exposure conditions on Leff: (a) cyclic temperature, (b) cyclic wet-
dry in water, and (c) cyclic wet-dry in 5% salt solution. 
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2.4.4 Interfacial fracture energy (Gf) 
Interfacial fracture energy (Gf) is used to determine the amount of energy that is required to 
initiate debonding. For a bi-linear bond stress-slip curve without friction component, Gf can be 
defined by the total area under the τ-δ curve (Eq. 2-8), while for the curves with frictional 
component, Gf is the area under the τ-δ curve for slips ranging from 0 to δini (Eq. 2-9) (Vaculik 
et al. 2018a).  
𝐺𝑓 =
𝜏𝑚𝑎𝑥𝛿𝑖𝑛𝑖
2
 without frictional component 2-8 
𝐺𝑓 =
[𝜏𝑚𝑎𝑥𝛿1+(𝜏𝑚𝑎𝑥+𝜏𝑓)(𝛿𝑖𝑛𝑖−𝛿1)]
2
  with frictional component 2-9 
 
The variation of Gf for different environmental regimes is shown in Figure 2.22(a-c). It is 
evident that most of the samples under a cyclic temperature environment experienced reduced 
Gf, where the maximum reduction of Gf (approximately 20%) was found on the HV series at 
12 months. In contrast, the LV1 and LV2 series are both based on low viscosity adhesives, and 
the changes were less than 5%. The cause of the reduced Gf may be explained by the 
degradation of the mechanical properties of the concrete and adhesive while the specimens 
under wet-dry condition only experienced deterioration of adhesive properties. The change of 
Gf is more noticeable for the samples under cyclic wet-dry conditions, which may due to the 
plasticisation of the epoxy adhesive thus increasing the amount of energy that can be absorbed. 
Most of the samples under wet-dry cycles in potable water experienced an increase in Gf; 
with an increase of roughly 60% observed for WD-HV and LV1. The only samples that 
experienced a reduction of fracture energy were the WD-LV2 specimens (5% reduction). For 
the specimens under wet-dry cycles in 5% salt solution, it was observed that all the samples 
showed an increased Gf at the end of the experimental duration. The increases were 66%, 26% 
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and 1% for S-HV, LV1 and LV2 respectively. It appears that the LV2 series are comparatively 
less sensitive to the environmental conditions used in this study when compared to the HV and 
LV1 systems.  
Furthermore, Gf dominantly governs debonding initiation capacity as shown in Eq. 2-2 in 
the cases when the Lb is greater than Leff. Upon comparison Figure 2.15 and Figure 2.22, it is 
observed that the trends of the Pini and Gf are highly correlated. 
  
(a) (b) 
 
(c) 
Figure 2.22. Influence of exposure conditions on Gf: (a) cyclic temperature, (b) cyclic wet-
dry in water, and (c) cyclic wet-dry in 5% salt solution. 
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2.5 Conclusions 
This study reports the results of 135 single lap-shear tests that were conducted to determine 
the bond strength of FRP-to-concrete joints considering three environmental conditioning 
regimes of temperature cycles between 12°C and 40°C, as well as wet-dry cycles in both 
potable water and 5% salt solution. The debonding capacity and interfacial bond properties 
before and after 12 months of environmental conditioning were obtained from the shear tests 
and a partial-interaction numerical model, respectively. The following conclusions based on 
the results of this study are presented: 
1. The failure mode of the specimens under environmental conditioning transitioned from 
cohesive to interfacial failure regardless of the conditioning regime. Generally, it was 
found that the interfacial debonding area increases with longer exposure duration. 
Specifically, the HV series exhibited the most amount of concrete debonded from the 
FRP plate at failure up to 83% when subjected to 12 months of thermal cycling. 
Furthermore, the LV1 samples showed the least amount of concrete debonded, 
generally less than 30% regardless of the type of environment. 
2. For specimens exposed to wet-dry cycles in either potable or saltwater, the increase in 
the area of concrete that was debonded from the plate at failure also increased but to a 
more significant extent than under thermal cycling. The exception was the HV series. 
Although the concrete subjected to wet-dry cycles in either potable or saltwater 
experienced a strength increase over time due to post-hydration of the concrete, as the 
exposure time increased the failure mode was mixed between cohesive failure and 
interfacial failure.  
3. For cyclic thermal conditioning, the transition from cohesive failure to interfacial 
failure was due to the reduction of the adhesive bonding strength, whereas for cyclic 
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wet-dry the change was likely due to the combination of the lowered adhesive bonding 
strength and enhanced concrete strength due to moisture. 
4. Based on the measured P-∆ curves, it was observed that under ambient temperature 
conditions no change in behaviour was observed after 12 months. Conversely, the 
influence of the environmental conditions, especially the wet-dry conditions under 
water and 5% salt solution, exert significant influence on the prisms in terms of the 
debonding initiation capacity and initial stiffness of the composite systems. The 
maximum increase of Pini in wet-dry in potable water and 5% salt solution was 
approximately 25% for the HV series. The increase of Pini in potable water is slightly 
higher than that in salt solution in the majority of the cases. However, all the samples 
under thermal conditioning experienced a detrimental effect on Pini. The most severe 
degradation was found on the HV series which was reduced to approximately 85% of 
its original Pini due to the presence of adhesive debonding from FRP plate.  
5. From the extracted τ-δ curves, it was found that τmax decreased at the end of the exposure 
duration of 12 months for all the conditioning regimes. For all the conditioning regimes 
performed in this study, the HV series showed the least degradation on τmax that 
decreased to 80% in the worst case which appeared under thermal conditioning. For the 
samples subjected to wet-dry in water and salt solutions, the reduction of τmax was 
observed to be above 25% and 35% for the WD-LV2 and S-LV2 samples, respectively. 
It was further found that saltwater exposure results in larger interfacial bond 
degradation compared to the potable water. It is noted that for the conditioning regime 
of cyclic wet dry with water and salt, the increase of maximum bond stress after 3 
months’ duration under moisture condition was likely due to the initial increase in 
concrete substrate strength outweighing the reduced adhesive bonding strength due to 
moisture.  
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6. The elongation of δini with a longer exposure duration was observed in most of the 
specimens, and it was found to be more significant when moisture was present. The 
maximum increases around 90% and 70% were observed for the samples under wet-
dry in salt and water conditions separately. This observation indicated that the stiffness 
of the epoxy adhesive reduces under the given conditioning regime, which was also 
reflected in the greater Leff for most samples. 
7. The Gf was calculated based on the τ-δ relationship with or without frictional 
components. In both cases, the trend of Gf was well correlated to that of Pini.  
8. The change of the Pini under environmental conditions was not only associated with 
τmax. In some cases, with reduced τmax, the increasing Pini was still observed. This was 
due to the growth of Leff allowing the longer bond length to be utilised, which can resist 
a greater Pini.  
Finally, it is important to note that the test results from this study can be used to expand the 
current FRP plate-to-concrete bond pull-out test database available under different 
environmental condition. 
2.6 Appendix A 
The summary of experimental results is provided in Table 2-5. 
Table 2-5. Summary of experimental results 
Sample ID 
fcm 
(MPa) 
Pmax (kN) Avg. 
Pmax 
(kN) 
Avg. 
Smax 
(mm) 
Avg. 
Pini 
(mm) 
Avg. 
Sini 
(mm) 
Failure 
mode No.1 No.2 No.3 
Cyclic temperature 
CT-HV-0 26.0 31.6 33.8 29.8* 32.7 0.33 28.3 0.22 C 
CT-HV-3 26.5 39.1 33.8 39.4 33.2 0.50 31.7 0.28 C 
CT-HV-12 26.4 34.9 35.7* 31.5 34.0 0.33 31.5 0.27 C 
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T-HV-3 25.3 34.0 42.1 32.6 36.2 0.45 32.4 0.30 C,I,FD 
T-HV-12 24.7 30.3 31.2 - 30.8 0.40 27.6 0.26 C,I,FD 
CT-LV1-0 26.1 32.5 34.5 31.0 32.7 0.36 30.5 0.22 C 
CT-LV1-3 26.5 33.5 25.8* 34.4 33.9 0.27 33.9 0.29 C 
CT-LV1-12 26.4 33.5 33.8 35.9 34.4 0.36 32.8 0.27 C 
T-LV1-3 25.4 30.9 30.6 31.1 30.9 0.32 29.8 0.29 C,I 
T-LV1-12 24.7 35.4 39.9 32.4 35.9 0.55 32.8 0.35 C,I 
CT-LV2-0 26.1 - 23.1 22.0 22.5 0.36 21.2 0.31 C 
CT-LV2-3 26.5 23.8 24.3 22.0 23.3 0.60 22.0 0.30 C 
CT-LV2-12 26.4 23.5 22.6 23.7 23.3 0.69 21.9 0.29 C 
T-LV2-3 25.4 27.6 19.8 22.7 23.4 0.52 21.4 0.33 C, I 
T-LV2-12 24.7 22.7 21.9 19.7 21.4 0.49 21.0 0.35 C, I 
Cyclic wet-dry in potable water 
CWD-HV-0 26.4 34.8 34.6 39.6 36.3 0.39 34.8 0.19 C 
CWD-HV-3 26.8 40.7* 34.9 34.5 34.7 0.24 35.0 0.18 C 
CWD-HV-12 26.3 38.7 40.6 - 39.7 0.48 36.5 0.19 C 
WD-HV-3 29.7 38.1 41.9 43.5 41.1 0.45 37.4 0.21 C,I 
WD-HV-12 31.7 47.6 43.2 46.2 45.7 0.51 44.6 0.32 C,I 
CWD-LV1-0 26.4 34.9 38.5 35.5 36.3 0.47 33.1 0.25 C 
CWD-LV1-3 26.8 35.7 36.1 37.5 36.4 0.45 33.9 0.26 C 
CWD-LV1-12 26.3 38.4 34.1 35.1 35.9 0.35 35.0 0.26 C 
WD-LV1-3 29.7 33.8 40.6 38.2 37.6 0.51 34.6 0.28 C, I 
WD-LV1-12 31.7 40.0 41.6 44.4 42.0 0.58 41.8 0.45 C, I 
CWD-LV2-0 26.4 21.0 23.0 19.5 20.4 0.42 19.6 0.31 C 
CWD-LV2-3 26.8 18.0 21.6 21.9 22.2 0.52 20.0 0.33 C 
CWD-LV2-12 26.3 - 22.1 19.9 22.4 0.66 19.6 0.30 C 
WD-LV2-3 29.7 22.6 24.1 23.7 23.5 0.52 19.3 0.39 C,I 
WD-LV2-12 31.7 - 20.0 19.2 23.5 0.33 19.3 0.41 C,I 
Cyclic wet-dry in 5% salt solution 
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CS-HV-0 24.8 36.4 33.1 35.8 35.1 0.32 34.1 0.19 C 
CS-HV-3 25.2 35.2 37.7 32.5 35.1 0.28 33.7 0.19 C 
CS-HV-12 24.8 35.8 35.2 32.0 34.3 0.40 31.5 0.17 C 
S-HV-3 28.0 35.5 35.8 38.6* 35.6 0.43 34.2 0.21 C, I 
S-HV-12 30.6 42.3 43.6 40.6 42.2 0.43 40.6 0.35 C, I 
CS-LV1-0 24.8 34.5 36.1 35.7 35.4 0.46 33.4 0.28 C 
CS-LV1-3 25.2 39.2 38.0 33.5 36.8 0.49 34.2 0.29 C 
CS-LV1-12 24.8 26.0* 33.2 34.0 33.6 0.27 33.4 0.27 C 
S-LV1-3 28.0 32.1 33.2 27.4* 32.6 0.32 33.1 0.31 C, I 
S-LV1-12 30.6 37.0 37.9 36.2 37.0 0.57 35.5 0.41 C, I 
CS-LV2-0 24.8 20.4 21.6 - 21.3 0.64 19.1 0.31 C 
CS-LV2-3 25.2 22.0 20.8 - 21.4 0.97 19.1 0.31 C 
CS-LV2-12 24.8 19.4 22.7 22.2 21.4 0.61 19.6 0.32 C 
S-LV2-3 28.0 22.2 18.1 - 20.2 1.06 17.5 0.39 C, I 
S-LV2-12 30.6 24.6 18.5 20.9 21.1 0.85 19.3 0.45 C, I 
C denotes concrete substrate debonding, I denotes interfacial layer debonding and FD denotes 
FRP debonded from adhesive. – denotes unavailable data. * denotes the values exclude from 
tests due to operation errors. fcm – mean concrete compressive strength, Pmax – maximum failure 
load, Smax- slip at maximum load, Pini – load at initiation of debonding, Sini – slip at initiation 
of debonding load. 
2.7 Appendix B 
The summary of global load- slip curves is shown in Figure 2.23. 
Cyclic Temperature 
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Cyclic wet-dry in potable water 
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Cyclic wet-dry in 5% salt solution 
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Figure 2.23. Global load-slip behaviour (P-∆ curves). 
2.8 Appendix C 
The summary of local tri-linear bond-slip relationship is shown in Table. 6. 
Table 2-6. Summary of tri-linear bond-slip properties 
Sample ID 
τmax 
(MPa) 
τf 
(MPa) 
δ1 
(mm) 
δini 
(mm) 
δult 
(mm) 
Gf 
(N/mm) 
Leff 
(mm) 
Cyclic Temperature 
CT-HV-0* 5.35 1.35 0.09 0.22 0.45 0.68 145 
CT-HV-3 5.67 1.77 0.18 0.28 0.57 0.88 128 
CT-HV-12 5.55 0.50 0.10 0.28 0.47 0.82 151 
T-HV-3 5.10 1.55 0.15 0.30 0.53 0.88 165 
T-HV-12 4.60 1.30 0.11 0.26 0.46 0.70 169 
CT-LV1-0* 5.45 0.67 0.08 0.22 0.47 0.72 137 
CT-LV1-3 6.60 0.00 0.09 0.28 0.49 0.92 136 
CT-LV1-12 6.47 0.67 0.11 0.27 0.50 0.93 133 
T-LV1-3 5.10 0.53 0.13 0.29 0.47 0.78 150 
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T-LV1-12 4.93 1.27 0.16 0.35 0.56 0.98 181 
CT-LV2-0 6.65 0.00 0.07 0.30 0.85 1.00 85 
CT-LV2-3 6.40 0.23 0.10 0.30 0.85 0.98 82 
CT-LV2-12 6.53 0.10 0.10 0.29 0.84 0.96 79 
T-LV2-3 5.80 0.17 0.09 0.33 0.84 0.98 94 
T-LV2-12 5.30 0.00 0.14 0.35 0.84 0.93 88 
Cylic wet-dry in tap water 
CWD-HV-0 10.07 0.33 0.10 0.19 0.53 0.97 77 
CWD-HV-3 10.05 0.45 0.11 0.17 0.51 0.87 63 
CWD-HV-12 10.50 0.85 0.10 0.19 0.58 1.04 77 
WD-HV-3 10.50 0.40 0.10 0.21 0.57 1.13 83 
WD-HV-12 9.40 0.67 0.14 0.32 0.67 1.56 115 
CWD-LV1-0 6.70 1.13 0.15 0.25 0.54 0.89 107 
CWD-LV1-3 6.70 0.77 0.12 0.26 0.52 0.93 123 
CWD-LV1-12 7.30 0.27 0.11 0.26 0.52 0.97 117 
WD-LV1-3 6.37 0.77 0.14 0.28 0.53 0.95 125 
WD-LV1-12 5.83 1.07 0.15 0.45 0.62 1.47 201 
CWD-LV2-0 5.37 0.40 0.15 0.31 0.88 0.86 82 
CWD-LV2-3 5.43 0.00 0.13 0.34 0.86 0.92 90 
CWD-LV2-12 5.55 0.20 0.07 0.30 0.86 0.86 95 
WD-LV2-3 4.17 0.33 0.15 0.39 0.81 0.85 118 
WD-LV2-12 4.00 0.10 0.11 0.41 0.79 0.84 128 
Cyclic wet-dry in 5% salt solution 
CS-HV-0 9.53 0.27 0.07 0.19 0.52 0.92 91 
CS-HV-3 9.60 0.30 0.08 0.19 0.53 0.93 87 
CS-HV-12 9.13 0.30 0.07 0.17 0.48 0.79 85 
S-HV-3 9.60 0.20 0.10 0.21 0.55 1.02 85 
S-HV-12 8.00 0.77 0.18 0.35 0.69 1.47 117 
CS-LV1-0 6.10 1.00 0.11 0.28 0.51 0.94 146 
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CS-LV1-3 6.17 0.97 0.10 0.29 0.51 0.99 153 
CS-LV1-12 6.30 0.00 0.10 0.27 0.49 0.86 132 
S-LV1-3 5.45 0.65 0.13 0.32 0.51 0.93 156 
S-LV1-12 4.97 1.17 0.15 0.41 0.57 1.17 200 
CS-LV2-0 5.40 0.40 0.16 0.31 0.88 0.87 79 
CS-LV2-3 5.25 0.35 0.13 0.31 0.86 0.85 88 
CS-LV2-12 5.40 0.20 0.09 0.32 0.86 0.89 96 
S-LV2-3 3.43 0.33 0.10 0.39 0.74 0.72 139 
S-LV2-12 3.40 0.73 0.15 0.45 0.85 0.88 148 
* Excluded from analysis, max – maximum bond strength, f – frictional bond strength, δ1 - Slip 
at maximum bond strength, δini slip at initiation of debonding, δult - slip at ultimate strength Gf 
- interfacial fracture energy, Leff - effective bond length 
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3 ENVIRONMENTAL DURABILITY OF FRP BAR-TO-
CONCRETE BOND: A CRITICAL REVIEW 
The work associated with this chapter has been accepted in the peer-reviewed Journal of 
Composites for Construction, ASCE. The published paper can be obtained via 
http://dx.doi.org/10.1061/(ASCE)CC.1943-5614.0001016. The version presented in this thesis 
is after peer review and prior to copyediting. Chapter numbers are included in figure and table 
captions for coherence. 
This work can be cited as: Gravina, R.J., Li, J. W., Smith, S.T. and Visintin, P. Forthcoming. 
“Environmental durability of FRP bar-to-concrete bond: A critical review.”, Journal of 
Composites for Construction, ASCE, http://dx.doi.org/10.1061/(ASCE)CC.1943-
5614.0001016. 
Synopsis 
To date, no comprehensive formulas are provided to predict the interfacial bond behaviour 
of FRP bar-to-concrete under the long-term environmental conditions. It is essentially due to 
the contradictory experimental results exhibited in different studies even under similar 
experimental setup and environmental regime. To investigate the cause of such variable results, 
a study into the influence of various parameters, including geometrical and environmental 
specifications, on the durability of interfacial bond behaviour of embedded FRP bar to concrete 
considering environmental conditions is conducted. In order to allow for such a comprehensive 
study, a large database is collected and presented in this chapter of 1244 embedded FRP bar to 
concrete pull-out test results across seven different environmental regimes from 35 different 
experimental studies. This study thoroughly analyses the distribution of the collated database 
in terms of the geometrical compositions and details of environmental conditions. Also, the 
effect of the different variables on rate of degradation on different FRP bar-to-concrete 
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composites are explored. Finally, recommendations are given for the future research direction 
and concluded the progress of the current durability study on FRP bar-to-concrete members. 
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Abstract: Although fibre-reinforced polymer (FRP) materials are considered non-corrosive, the 
FRP bar surface resin has been shown to deteriorate when exposed to aggressive environments 
and this can result in a significant loss of bond strength with the surrounding concrete. To study 
the durability of FRP bar-to-concrete bond, numerous investigations utilising the FRP bar pull-
out test arrangement have been conducted. These studies have, however, largely been 
considered in isolation without any systematic attempt to critically analyse the ever-increasing 
pool of results based on variable exposure regimes and differing geometric and mechanical 
properties. To address this limitation, and to quantify the durability of the FRP bar to concrete 
bond, this paper presents an experimental database comprising of 1244 individual test results 
from 35 unique studies which are critically analysed in terms of bond performance. The 
analysis has highlighted the large scatter that exists for experimental results between studies 
and seeks to explain this scatter through discussion of the impact of exposure to material 
properties and the importance of sound experimental design.  
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3.1 Introduction 
A major challenge for the continued development of design guidance for concrete structures 
reinforced with fibre-reinforced polymer (FRP) bars is that the durability of the structure is 
based only on the durability of the FRP and concrete. That is, the durability of the bonded 
interface is not directly considered. The bond between the reinforcement and concrete is, 
however, critical for the design of reinforced concrete structures as it controls all aspects of 
member behaviour, ranging from member deflection and crack widths at the serviceability limit 
state, to member strength and ductility at the ultimate limit state (Visintin et al. 2012; Oehlers 
et al. 2015). 
Numerous experimental investigations concerning the environmental durability of FRP bar-
to-concrete interfaces have been undertaken by first subjecting specimens to an environmental 
exposure regime prior to testing. These test campaigns typically seek to investigate the 
durability of the bond considering different concrete strengths, FRP bar types, bar surface 
treatments, bar diameters, embedment lengths and reinforcement covers (Chaallal and 
Benmokrane 1993; Larralde and Silva-Rodriguez 1993; Boyle and Karbhari 1994; Larralde et 
al. 1994; Malvar 1995; Rossetti et al. 1995; Malvar et al. 2003; Achillides and Pilakoutas 2004; 
Okelo and Yuan 2005; Lee et al. 2008; Won et al. 2008; Hao et al. 2009). Despite the large 
number of individual investigations reported to date, a global test database seeking to collate 
all test results and to examine the underlying trends across a full range of exposure conditions 
and specimen types is yet to be established. To the best of the authors’ knowledge, only the 
work of Yan et al. (2016a) has sought to achieve something similar thus far. Yan et al. (2016a)’s 
study is, however, limited to 682 test results on GFRP bars without a direct focus on durability. 
This paper will unify the full extent of results available from small-scale testing regimes in 
order to provide a comprehensive review of published work considering a wide range of 
environmental conditions investigated to date for a wide selection of FRP bar types. 
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Additionally, it will (i) provide data for a parametric study to assess the relationship between 
the durability of FRP bar-to-concrete bond with different exposure, material and geometric 
properties; (ii) identify gaps in experimental testing such that future studies can be more highly 
focused; (iii) identify inconsistencies in the reported experimental results and suggest future 
minimum requirements for testing and; (iv) identify the reason for inconsistent pull-out test 
results.  
3.2 Experimental database 
A total of 1244 individual FRP bar pull-out tests from 35 studies is collated in the database 
provided in the supplementary materials component of the paper. The database provides 
information on the geometric and mechanical properties of specimens, the conditioning 
regimes of each test, and the pull-out strength and bond stress. 
Two key criteria need to be satisfied for data to be included in the database, namely (i) data 
within each experimental study must have undergone environmental conditioning prior to 
testing; and (ii) each experimental study must contain control specimens in order to benchmark 
the degraded specimens.  
Due to the large number of tests and unique environmental conditions contained in the 
database, information is sorted into three key exposure conditions: 
1. Hygrothermal conditions: 
• Full-immersion in water (W) (Bank et al. 1998; Al-Dulaijan et al. 2001; Abbasi and 
Hogg 2005; Galati et al. 2006; Davalos et al. 2008; Robert and Benmokrane 2010; Zhou 
et al. 2011; Zhou et al. 2012; El Refai et al. 2014), 
• Full-immersion in alkaline solution (ALK) (Al-Dulaijan et al. 2001; Abbasi and Hogg 
2005; Zhou et al. 2012; Abedi 2014; Altalmas et al. 2015; Hassan et al. 2016; Yan et 
al. 2016b; Dong et al. 2018), 
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• Either full-immersion or wet-dry cycles in seawater solution (S) (Al-Zahrani et al. 2002; 
Zhou et al. 2012; Won et al. 2013; Abedi 2014; Al-Tamimia et al. 2014; El Refai et al. 
2014; Altalmas et al. 2015; Dong et al. 2016a; Dong et al. 2016b; Dong et al. 2016c; 
Yan and Lin 2017; Wang et al. 2018), 
• Full-immersion in acidic solution (AC) (Al-Dulaijan et al. 2001; Zhou et al. 2011; Zhou 
et al. 2012; Altalmas et al. 2015), and 
• Freeze/thaw cycles in water or chemical solutions (F/T) (Mashima and Iwamoto 1993; 
Alvarez et al. 2007; Ammar 2014; Yan et al. 2016b). 
2. Thermal conditions 
• Elevated temperature (T) (Katz and Berman 2000; Abbasi and Hogg 2005; Alvarez et 
al. 2007; Masmoudi et al. 2010; Masmoudi et al. 2011; El-Gamal 2014; El Refai et al. 
2014; Calvet et al. 2015; Sólyom et al. 2015; Hamad et al. 2017; Li et al. 2017; Özkal 
et al. 2018), and 
• Freeze/thaw cycles in air (F/T) (Davalos et al. 2008; Calvet et al. 2015). 
3. Other conditions 
• Dry heat exposure followed by moisture conditions (T+W) (Won et al. 2013; El Refai 
et al. 2014), 
• Outdoor exposure(O) (Abedi 2014; Al-Tamimia et al. 2014), and 
• Combined freeze/thaw and elevated temperature cycles (F/T+T) (Belarbi and Wang 
2011). 
Where test results have been reported in more than one publication, only a single entry is 
made into the database that contains the details of each test. Additionally, if average results are 
reported in studies, then the average is taken as a single data point entry. Further, the database 
excludes tests subjected to sustained or fatigue loading (Katz et al. 1999; Maluk et al. 2011) as 
the influence of combined loading is itself an area of research. Rather, in this work we only 
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consider specimens that have undergone environmental conditioning prior to loading, that is 
the residual strength. This approach is the same as that taken to quantify the durability of steel-
concrete bond when considering reinforcement corrosion (Feng et al. 2015). 
3.2.1 Summary of experimental database 
Figure 3.1 outlines the general composition of the database in terms of exposure conditions. 
In Figure 3.1(a), it can be seen that of the 1244 individual test results, 1015 (81.6%) were 
subjected to environmental conditioning prior to testing, with the remaining 229 acting as 
control specimens. Figure 3.1(b) outlines the type of extent of environmental conditions with 
the dominant conditions being temperature (25.1% of specimens in the database), seawater 
immersion (27.6%) and freeze/thaw cycling (18.9%). Less research by comparison has been 
devoted to exposure to acidic environments. In Figure 3.1(b) the ‘Other’ category refers to 
combined environmental conditions (Belarbi and Wang 2011; Won et al. 2013) and special 
conditioning regimes such as direct sun exposure (Abedi 2014; Al-Tamimia et al. 2014). 
Appendix A illustrates the variables used in the past studies as a reference guide.  
  
(a) composition (b) environmental conditions 
Figure 3.1. Environmental conditions considered in database. 
For tests involving hygrothermal conditioning (in water, alkaline, seawater or acidic 
solutions). The duration of exposure is typically considered to be a major factor that influences 
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strength loss. In the case of thermal exposure, the maximum temperature is the primary 
influencer (Robert et al. 2010). As a measure of durability, the maximum bond stress after 
exposure is typically normalised by the bond stress of control samples as provided in Figure 
3.2. This figure shows the reduction in strength of all tests in the database except for tests that 
do not report the conditioning duration or exposure temperature. In this latter case, no clear 
trend is visible. This scatter is likely due to the differing rates of degradation arising from the 
durability of the various component material properties, specimen geometries and accelerating 
techniques. These aspects will now be considered in more detail. 
 
(a) Hygrothermal (b) Thermal 
 
(c) Other 
Figure 3.2. Normalised bond strength of three different environmental conditions. Legend 
denotes environmental conditioning type and conditioning regime. 
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3.2.2 Summary of bond test setups 
In order to quantify the bond between FRP reinforcement and the surrounding concrete, 
different test methodologies have been applied. These can be broadly characterised into two 
main approaches: the pull-out test (ASTM 2011b) and the hinged beam test (RILEM-FIP-CEB 
1973), both of which are shown schematically in Figure 3.3. 
Typically, a pull-out test (Figure 3.3(a)) consists of a concrete cube or cylinder into which a 
bar of ‘short’ length (approximately 5 dfrp) is embedded either concentrically or eccentrically. 
The merit of using this testing approach is that the small physical size of the specimen allows 
a larger number of specimens to be cast and tested in a cost effective and relatively rapid 
manner. The primary drawback of the pull-out test is that the test method does not capture the 
real stress conditions experienced in the reinforcement in a reinforced concrete beam under 
bending since the stress state of concrete along the pull-out test bond length is always under a 
compression state where it should be under tension in a beam scenario (Windisch 1985; Xie et 
al. 2018).  
 
(a) Pull-out test setup. 
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(b) Hinged beam test setup 
Figure 3.3. Schematic diagrams of bond tests. 
A hinged beam test (Figure 3.3(b)), on the other hand, more accurately represents the actual 
state of stress in the FRP reinforcement and surrounding concrete. The drawbacks of this testing 
method are that the force on the FRP bar is not directly measured in the test but rather it is 
inferred from the magnitude of the transverse load (Seis and Beycioğlu 2017) or from a strain 
gauge placed directly on the reinforcement (Mazaheripour et al. 2013). Furthermore, the 
recommended embedment length for this approach is 10dfrp which is greater than the commonly 
accepted maximum embedded length required to obtain a uniform interfacial stress distribution 
(5dfrp). Finally, two small-scale concrete blocks are required to conduct one bond test, and this 
generally limits the overall number of tests performed in a single campaign thereby reducing 
the number of parameters that can be reliably investigated. 
To date, all experimental investigations conducted on the environmental durability on FRP 
bar-to-concrete bond have utilised the pull-out testing method. The bias towards pull-out 
testing for durability testing is likely caused by the larger physical size of the hinged beam 
specimens, which demands a more spacious environmental control facility to be established in 
order to accommodate the number of samples needed. 
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3.2 Influence of material properties on bond durability 
3.2.1 Concrete 
Four types of concretes are included in the database: normal concrete (NC), fibre-reinforced 
concrete (FRC), sea sand concrete (SSC) and coral concrete (CC). Of the 1015 conditioned test 
samples, 910 tests have been conducted with NC, 81 with FRC (Belarbi and Wang 2011; Yan 
and Lin 2017), 15 with SSC (Dong et al. 2016b; Dong et al. 2016c) and 9 with CC (Wang et 
al. 2018) (see Figure 3.4(a)).  
The primary property of a concrete specimen is the unconfined compressive strength (UCS), 
which is also typically used as the primary factor by which the bond strength is normalised  
(Okelo and Yuan 2005; Lee et al. 2013). The UCS of a concrete sample is typically measured 
using a uniaxial compression test of either a cylinder (fcyl) or cube (fcb) sample. Of the studies 
contained in the database, 13 used cylindrical specimens, 15 used cubic specimens and the 
remaining 7 studies did not specify. Due to the dependence of UCS on the shape of the test 
specimen, all concrete strengths are herein converted to fcyl by applying a 0.8 multiplier to the 
reported fcb (Al-Sahawneh 2013; Mohamed et al. 2016; Pacheco et al. 2019). In Figure 3.5(a), 
the distribution of initial fcyl values for each test specimen are shown. Approximately 40% of 
the test database values of fcyl lie between 40 to 50 MPa. In addition, 7 studies that did not 
specify the shape of the specimens were included in the unknown category. 
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(c) dfrp (mm) (e) cy/dfrp (f) Lb/dfrp 
 
(g) failure modes 
Figure 3.4. Ranges of database parameters. 
It is well-established that the compressive strength of concrete can significantly change after 
being exposed to an environment with high humidity and elevated temperature (Sancak et al. 
2008; Wardeh et al. 2011; Altalmas 2014). Notwithstanding, only 26% of all tests contained 
within the database report change in UCS after environmental conditioning (see Figure 3.5 (b)), 
and the remaining 74% did not report the UCS results. The lack of control specimens inevitably 
adds to the difficulty of analysing the data and it also contributes to the scatter of the results as 
evident in Figure 3.2. 
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(a) Initial compressive strength (b) Compressive strength after exposure 
Figure 3.5. Distribution of concrete strength before and after each environmental regime. 
The influence of concrete compressive strength on the bond strength under ambient 
conditions was well investigated (Chaallal and Benmokrane 1993; De Larrard et al. 1993; 
Larralde et al. 1994; Rossetti et al. 1995; Ehsani et al. 1996; Ehsani et al. 1997; Achillides and 
Pilakoutas 2004; Rao et al. 2004; Okelo and Yuan 2005; Lee et al. 2008). Common agreement 
amongst these studies is that the bond strength increases with an increase in UCS proportionally 
to fcyl
0.3-0.5(Okelo and Yuan 2005; Lee et al. 2008), for concrete specimens with fcyl in the range 
25 to 92 MPa. Despite the significance of UCS on bond, only the work of Li et al. (2017) 
directly investigates the change in concrete strength when addressing durability under dry heat 
conditions of up to 270°C.  
3.2.2 FRP reinforcement 
Due to the substantially different mechanical and chemical properties of fibres and resins, 
the properties of FRP composites made from different combinations of these two elements can 
vary considerably. The primary mechanism controlling the rate of deterioration of an FRP bar 
is the diffusion and penetration of the harmful chemicals through the surface layer of the resin 
matrix, subsequently resulting in a hydrolysis reaction in the FRP bar (Wei et al. 2011). The 
damage caused by a hydrolysis reaction is more pronounced for resins containing ester groups 
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such as polyester (Abeysinghe et al. 1982). Such damage can be measured indirectly by 
considering the moisture uptake during a test. The moisture uptake rate for commonly used 
resins are therefore ranked as polyester> vinyl ester> epoxy, which generally means that 
polyester resins provide the least protection to fibres during a chemical attack while epoxy 
resins provide the most (Benmokrane et al. 2017).  
As shown in an early study conducted by Al-Zahrani et al. (1999), the reduced mechanical 
properties of the surface resin matrix may control the performance of the bond to the extent 
that the dominant factor controlling the pull-out force may be the type of surface resin rather 
than the type of fibre. Similar findings were also reported by Achillides and Pilakoutas (2004) 
and Okelo and Yuan (2005), who found that similar bond strengths were obtained from tests 
on samples with different elastic modulus fibres albeit with the same surface resin type. 
A total of 13 different fibre and resin combinations were found in the literature. This includes 
7 types of fibre, typically glass (G), basalt (B), carbon (C), steel (S), aramid (A), vinylon (V) 
and hybrid (HY), as well as 3 types of resins, namely polyester (P), vinyl ester (V) and epoxy 
I. The letter U is used to denote an unknown type of resin, while the above-mentioned 
abbreviations are used to represent the composition of the FRP bars. For example, a hybrid 
fibre-reinforced vinyl ester polymer is expressed as HYV. In Figure 3.4(b), the distribution of 
the fibre and resin combination is shown, which reveals that GV bars are the most commonly 
used and they account for 31.6% of the total number of tests. Extensive studies on bars made 
from GFRP are more likely due to their low cost as well as their resistance to alkaline 
environments (Ceroni et al. 2006). As a result, GFRP bars are the most widely used bars in 
practice. In addition to GFRP, BE and BV bars have also gained considerable attention 
recently, making up 13% and 9.5% of the total test database respectively. Upon consideration 
of fibre type, it is found that glass, basalt and carbon fibres comprise more than 80% of the 
database. In addition, vinyl ester resin constitutes over half of the total number of tests.  
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Upon examination of the database in the supplementary material, it is evident that tests using 
GV and BV bars have considered all exposure regimes, while CE has not been subjected to 
acidic environments. This is likely due to the high acid resistance of carbon fibres (Byars et al. 
2003; Micelli and Nanni 2004) which may lead to the assumption that the FRP bar-concrete 
bond is also highly acid resistant. Whilst CFRP bars may be highly resistant to acid, it has been 
shown that the bond interface between externally bonded CFRP plates and the concrete 
substrate does degrade due to acid conditioning (Hadigheh et al. 2017). Hence, durability of 
the bond of FRP bars to concrete is highly dependent on the durability of the resin matrix. This 
is in turn more susceptible to chemical degradation than the fibres, and also on the durability 
of the concrete surrounding the bar. Further studies are needed to investigate the performance 
of concrete reinforced with CFRP bars in an acidic environment.  
The change in FRP bar material properties under various exposure regimes has been 
extensively studied by conducting tensile FRP bar tests (Wu et al. 2002; Micelli and Nanni 
2004; Trejo et al. 2005; Wang et al. 2007; Kim et al. 2008; Robert et al. 2009; Wu et al. 2011; 
Almusallam et al. 2012; Alsayed et al. 2012; Robert and Benmokrane 2013; Serbescu et al. 
2014; Wang et al. 2014; Wu et al. 2014; Zhu et al. 2014; Elgabbas et al. 2015; Wu et al. 2015; 
Hamad et al. 2017). It has been generally shown that the maximum tensile strength fut may be 
significantly influenced in an aggressive environment (up to 58% and 95% loss of strength 
under hygrothermal and thermal conditions, respectively), while the elastic modulus Efrp 
typically varies by up to 20%. In most studies, bare FRP bars were exposed to harsh 
environments without concrete or mortar cover that would otherwise act as a protective layer. 
Hence these results may be considered as an upper bound to the potential reduction of basic 
material properties (Robert et al. 2009).  
The distribution of initial Efrp of tests within the database is shown in Figure 3.6(a), from 
which it can be seen that the majority of FRP bars investigated have Efrp values ranging from 
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40 to 80 GPa (i.e. GFRP, BFRP, SFRP, HYFRP), and between 120 to 160 GPa (i.e. CFRP). 
Only 2.5% of all tests report a change in modulus after environmental conditioning (Figure 
3.6(b)). This is significant as the change in modulus not only affects the interfacial bond, it also 
has an impact on obtaining accurate readings of the loaded end slip since it is required that the 
elastic deformation of the reinforcement be subtracted from the overall slip measurement (Wu 
et al. 2002).  
  
(a) Initial elastic modulus (b) Elastic modulus after exposure 
Figure 3.6. Distribution of FRP elastic modulus before and after each environmental 
regime. 
Another notable omission from current experimental studies are the mechanical properties 
of the resin matrix such as the longitudinal shear modulus. As this is currently not commonly 
measured it is difficult to fully quantify the impact of the resin behaviour on the bond 
properties. This is particularly important for bars in which resin forms lugs that provide 
mechanical interlock between the bar and concrete (Al-Zahrani et al. 1999). 
On the basis of the data gathered in this study, numerous test programs have used different 
fibre and resin combinations in a single test campaign. Few studies have, however, considered 
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considering a change in bar diameter and surface texture simultaneously. As a result, it is 
difficult to isolate the influence of the fibre and resin combination. Exceptions are the studies 
of Dong et al. (2016a) and Dong et al. (2018) who only varied fibre and resin combinations 
and showed that bars manufactured with epoxy resin have significantly improved performance 
over those manufactured with vinyl ester resin. 
3.3 Influence of specimen geometry on bond durability 
3.3.1 Surface textures 
Different bond mechanisms have been identified for FRP bars comprised of different surface 
textures. Two main types of surface textures are commonly available – smooth (SM) or ribbed 
(RB). Sand coating may be applied to both texture types. For an FRP bar comprising of a 
smooth surface, the bond force is developed mainly through adhesion and frictional forces, 
while for ribbed bars, the bond force is predominately developed through mechanical interlock 
between the lugs and surrounding concrete (Bakis et al. 1998). For ambient conditions, the 
impact of surface treatment on bond strength can be ranked from high to low, namely, sand 
coated surface (SC)>ribbed surface>smooth surface (Tighiouart et al. 1998; Al-Zahrani et al. 
1999; Hao et al. 2007).  
Surface texture distribution within the database is shown in Figure 3.4(c), where nine 
different surface textures have been identified. Helical spiral surfaces (H) that are plain account 
for 27.1% of test database specimens while sand surfaces account for 22.1%. Three types of 
bars with surface sand coating are contained in the database, namely, sand coated smooth bars 
(SC), HS and sand coated bars with indented surfaces (IS). These bars collectively cover 40.3% 
of the total number of tests. It was found in multiple studies that concrete samples reinforced 
with sand coated FRP bars can provide higher interfacial bond stress compared to bars with 
other surface textures (Okelo and Yuan 2005; Hao et al. 2007; Esfandeh et al. 2009). Although 
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various surface textures have been investigated in past studies, no studies have directly 
investigated the influence of surface texture on the durability of bond by holding all other test 
parameters constant. 
3.3.2 Bar diameters 
Unlike steel reinforcing bars that possess homogenous material properties regardless of 
diameter, the mechanical properties of FRP bars have been shown to change with bar diameter 
(Faza and GangaRao 1993; Wu et al. 2015). In the database, FRP bar diameters range from 4 
to 25mm (Figure 3.4(d)), with 80% of tests conducted on bars ranging from 4 to 14mm. 
Comparison of results across studies (Davalos et al. 2008; Belarbi and Wang 2011; Calvet et 
al. 2015; Li et al. 2017) shows bar size likely influences degradation rate, but to date, this 
parameter has not been the main focus in any study.  
3.3.3 Concrete cover to bar diameter ratio 
Variation in concrete cover to bar ratio (cy/dfrp) may lead to a change in bond stress and 
failure mode transition from pull-out to splitting as cy/dfrp reduces. The distribution of cy/dfrp 
values in the test database is shown in Figure 3.4(e), where it can be observed that the majority 
of the tests considered cy/dfrp over 7.5 in order to ensure failure by pull-out. The proportion of 
concrete splitting failures for each environmental regime is provided in the database in the 
supplementary material, from which it is shown that splitting failure occurs most commonly 
when cy/dfrp is under 3.5 regardless of the conditioning regime. It is worth noting that concrete 
splitting failure can still be observed in a portion of the tests with cy/dfrp over 5.5 when severe 
damage to the concrete has occurred.  
3.3.4 FRP bar embedment length to bar diameter ratio 
The primary reason for conducting pull-out tests is to study the local bond-slip relationship 
using small-scale samples. Generally, for bars comprising of short embedment lengths (i.e. 
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embedment length to bar diameter ratio (Lb/dfrp) is less than 5), the distribution of bond stress 
can be assumed to be uniform along the bonded length such that the local stress is 
approximately equal to the average stress (Haskett et al. 2008; Feng et al. 2015). In Figure 
3.4(f), the distribution of Lb/dfrp for all specimens contained in the database is presented, and 
the results show that approximately 90% of the pull-out tests have been performed on FRP bars 
with embedment lengths less than 6 times the bar diameter. The validity of the assumption that 
constant bond stress is obtained for Lb/dfrp ≤ 5 is questionable. In this case, tests adhering to 
this criteria have shown substantially different loaded- and free-end slip measurements 
throughout testing (El Refai et al. 2014; Altalmas et al. 2015) as well as non-linear strain 
distributions along the embedment length (Rolland et al. 2018). 
3.4 Failure Modes 
Three major failure modes are contained in the database: pull-out (PO), concrete splitting 
(SP), and FRP rupture (F). The proportion of each failure mode is shown in Figure 3.4(g), 
where it is evident that approximately 72% of specimens fail by pull-out failure, 9% by concrete 
splitting, and 1% by FRP rupture. The remaining 18% of tests have no failure mode reported. 
Of particular note is the lack of tests in which splitting failure occurred. This may be a dominant 
failure mode in concrete slabs reinforced with FRP bars as the cover may be low and the 
reinforcement is not confined by stirrups (El-Salakawy and Benmokrane 2004). 
The occurrence of these three failure modes was observed to be mainly controlled by the 
concrete strength and FRP resin stiffness. Key summaries are provided as follows: 
• Crushing of the concrete keys between bar ribs is observed in specimens with low 
concrete strength and larger cover (insufficient concrete cover results in concrete 
splitting failure).  
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• Mixed failure mode occurs for concrete strengths ranging from 30 MPa to 40 MPa 
(Davalos et al. 2008). In this range, both FRP surface texture abrasion and concrete 
tooth damaged can be observed. 
• Failure in the outer resin-rich layer of the FRP can be expected when the concrete 
strength is above 40MPa. This is commonly associated with no local damage to the 
concrete, and it is expected that the portion of surface damage increases proportionally 
to the increase in concrete strength (Lee et al. 2008). 
3.5 Simulated environmental condition setup 
In this section, the different environmental conditioning parameters are discussed 
individually. Importantly, it is shown in the database that very few studies consider identical 
conditioning regimes. This adds significant complexity to the task of developing a durability 
model for design purposes because it is impossible to isolate changes in the rate of degradation 
arising from the differing mechanical and geometric property changes caused by the different 
exposure conditions. The hygrothermal (Kd) and thermal (Ks) conditions can be calculated by 
Eqs. 3-1 and 3-2. 
𝐾𝑑 =
∆𝜏∗
∆𝑡
=
𝜏𝑟𝑒𝑓
∗ − 𝜏∗
𝑡𝑟𝑒𝑓 − 𝑡
 3-1 
where the 𝜏𝑟𝑒𝑓
∗  is control/reference normalised bond stress, 𝜏∗ is normalised bond stress, 𝑡𝑟𝑒𝑓 
is the exposure duration of the control/reference samples, and 𝑡 is exposure time of conditioned 
samples. 
𝐾𝑠 =
∆𝜏∗
∆𝑇
=
𝜏𝑟𝑒𝑓
∗ − 𝜏∗
𝑇𝑟𝑒𝑓 − 𝑇
 3-2 
where 𝑇𝑟𝑒𝑓  is the ambient temperature (20°C) and 𝑇  is the experiment temperature of 
conditioned samples. 
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3.5.1 Current accelerated conditioning protocols and standardised test approach 
To address the complexity that arises from the usage of inconsistent exposure regimes, 
accelerated conditioning protocols (ACPs) have been developed to encourage the use of 
standardised conditioning arrangements (ACI 2015). The ACPs currently only consider 
hygrothermal environments and they recommend the use of elevated temperatures to accelerate 
conditioning as follows: 50±3°C for specimens immersed in water, and 60±3°C for specimens 
immersed in the alkaline solution. 
It is noted that the ACPs have been introduced mainly to formalise a method to accelerate 
the durability testing of specimens subjected to hygrothermal conditions. At present, however, 
no common approach has been suggested to test related thermal conditions, hence this issue 
may need to be addressed in the future. It was observed in the literature that three distinct 
approaches are utilised to assess the durability of the FRP-to-concrete bond via pull-out tests, 
namely, (1) directly at the designated temperature (denoted as TH), (2) immediately after 
removed from heat jack/oven (denoted as TR), and (3) after specimen has reached room 
temperature (denoted as TC) as shown in Figure 3.2 (b). It is evident that the specimens 
subjected to testing procedures TH and TR exhibit a degrading trend and less deterioration is 
observed for the TC procedure. Therefore, it is of significance to report the exact processes 
utilised to create the environmental condition. 
Apart from moisture and thermal conditions, freeze/thaw cycling accounts for a large portion 
of the experimental database. The standard method of performing a rapid freeze/thaw test was 
introduced in ASTM 666C/C666M (ASTM 2008), and although this standard was not 
developed to examine the durability of the FRP-to-concrete bond, it has become the most 
commonly used method to date. The approach provides two alternatives for conducting rapid 
freeze/thaw experiments: freeze and thaw in water or freeze in air and thaw in water. In these 
approaches the temperature envelope is maintained between -18 ±2°C and 4±2°C for each 
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freeze or thaw phase, while the duration of each cycle is between 2 and 5 hours. Dissimilar to 
other durability tests, the freeze/thaw environment utilises two parameters for exposure 
duration (i.e. the number of freeze/thaw cycles, and exposure hours/cycle length). Therefore, 
for a freeze/thaw test to be useful, both parameters need to be reported precisely. 
It needs to be highlighted that some research groups (Al-Dulaijan et al. 2001; Abedi 2014; 
Dong et al. 2018) adopt the pre-condition approach before the commencement of a pull-out 
test. Different to the conventional testing method in which the FRP-to-concrete composite 
member is subjected to a prescriptive environmental condition as a whole system, the pre-
condition method emphasises the degradation of the FRP bar by subjecting bare FRP bars into 
a pre-defined conditioning regime before casting into concrete. By adopting this method, the 
effect of the variation of concrete strength due to the conditioning can be isolated and the effect 
of the radial stress of FRP bar caused by swelling under moisture can be minimised. An evident 
drawback of this testing approach is its inability to incorporate the influence of concrete 
degradation on the overall bond behaviour. Further, it cannot provide information on the ability 
of the concrete cover to influence the rate of the degradation of the FRP bar. 
3.5.2 Exposure duration 
The exposure duration is a fundamentally important parameter in durability testing as time 
is one of the primary factors controlling the magnitude of bond degradation (Miyano et al. 
2005). As observed in the database, the exposure time is the most common variable, with the 
majority of studies measuring bond behaviour at multiple exposure durations in order to 
explore the degradation rate under a specific exposure regime.  
To date, numerous studies have observed the bond strength at different conditioning intervals 
and the exposure duration for each condition is summarised in Figure 3.7. Note that the acidic 
and freeze/thaw environments have lower average and maximum conditioning durations 
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compared to the other conditioning regimes. This is because the freeze/thaw cycle condition 
duration is sometimes reported only in terms of the number of freeze/thaw cycles instead of 
the number of duration hours. In addition, few studies exist for acidic environments.  
 
Figure 3.7. Distribution of exposure duration. 
A range of observations regarding the change of bond strength over different time intervals 
have been reported to date. Studies have found that the bond strength increased after specimens 
were exposed to environmental conditioning (Al-Dulaijan et al. 2001; Abbasi and Hogg 2005; 
Galati et al. 2006; Alvarez et al. 2007; Al-Tamimia et al. 2014; Ammar 2014; El Refai et al. 
2014; Altalmas et al. 2015; Calvet et al. 2015; Dong et al. 2018), while others indicate the bond 
strength to reduce (Mashima and Iwamoto 1993; Bank et al. 1998; Al-Dulaijan et al. 2001; 
Alvarez et al. 2007; Davalos et al. 2008; Robert et al. 2009; Abedi 2014; El Refai et al. 2014; 
Altalmas et al. 2015; Dong et al. 2016a; Yan et al. 2016b; Yan and Lin 2017). Bond strength 
has also been found to initially increase before reducing (Al-Zahrani et al. 2002; Ammar 2014; 
Altalmas et al. 2015; Dong et al. 2016a; Dong et al. 2016b; Dong et al. 2016c; Hassan et al. 
2016; Dong et al. 2018; Wang et al. 2018).  
For the studies conducted under dry heat conditioning, it was predominately observed that a 
reduction in strength occurs. The exception to this is the work of El Refai et al. (2014) and 
Calvet et al. (2015) who considered temperatures below ambient conditions. 
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Figure 3.8. Tests with fluctuating trend over exposure duration. The legend describes the 
environmental exposure type followed by the sample identification code and reference. 
The results of experimental campaigns that showed a fluctuating trend throughout the 
conditioning period are summarised in Figure 3.8, where it is observed that the bond strength 
was generally enhanced during the first 1000 hours of exposure after which a reduction in 
strength occurred. The legend of the Figure 3.8 can be interpreted as sample identification 
code-reference and the sample identification code can be found in the supplementary 
document. The initial increase in bond strength can likely be explained by either swelling of 
the FRP bar (which improves confinement), or the increase of concrete strength that occurs 
over time. After longer periods of exposure, the bond strength tends to decrease as the damage 
associated with the hydrolysis reaction of the FRP bar is greater than the benefits of 
confinement provided by swelling (Dong et al. 2016a; Dong et al. 2016b; Dong et al. 2016c; 
Dong et al. 2018). It should be noted that the initial increase in bond strength was not observed 
though in all studies with similar conditioning durations (Robert and Benmokrane 2010; Abedi 
2014; Altalmas et al. 2015; Yan and Lin 2017).  
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3.5.3 Exposure temperature 
In order to study the durability of FRP-to-concrete bond within a limited experimental 
timeframe, the temperature of an aqueous test environment may be used to accelerate the 
chemical processes (Robert et al. 2010). It has, however, been observed that the selection of an 
inappropriate temperature may result in alteration of the degradation mechanism thus leading 
to unrealistic test results (Tatar et al. 2013). 
It is found in the database that the majority of studies applied the temperature as an 
accelerating factor for temperature above 25°C, thus accounting for approximately 62%, 91%, 
84% and 67% for water, alkaline, seawater and acid environments, respectively. Figure 3.9(a) 
depicts the distribution of temperature for aqueous environments (except freeze-thaw). The 
adopted temperatures throughout the experiments are heavily distributed in two ranges, 
namely, 20°C (i.e. ambient temperature), and between 40°C and 60°C (i.e. acts as an 
accelerator). The highest temperature reported in previous studies is 90°C, which was used in 
a test associated with alkaline solution attack (Yan et al. 2016b).  
In a dry environment exposure, the elevated temperature is the primary means by which the 
bond strength is reduced. Degradation occurs as a result of the weakening of the mechanical 
properties of the resin matrix used to bind fibres and transfer the stress to each fibre (Firmo et 
al. 2015; Aydin et al. 2016b). The role of temperature in a dry environment is to simulate the 
possible in-service temperature that may be experienced by FRP-reinforced concrete. In the 
majority of tests conducted to date, temperatures have usually ranged between 50°C and 100°C 
with the highest temperature investigated being 600°C (Özkal et al. 2018) and the lowest 
temperature was 5°C (Calvet et al. 2015) (Figure 3.9(b)). 
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(a) Hygrothermal (b) Thermal 
Figure 3.9. Distribution of exposure temperature. 
In this database, four different procedures adopted in creating freeze/thaw environments are 
identified as shown in Figure 3.10. These include freeze/thaw cycles in water (W), alkaline 
saline solution (A/S), 70% relative humidity (RH), and air. Additionally, parameters, such as 
the number of cycles I, and exposure duration/cycle length (t) are also identified. Based on the 
compiled database, approximately 73% of the tests only report the number of cycles and 10% 
of the tests reported both numbers of cycle and exposure duration. For the remainder of the 
tests, different medians were adopted although such medians are not reported. Due to the range 
of test methods and the inconsistent approach of reporting to date, it is difficult to adequately 
describe the influence of the freeze/thaw cycle environment on the durability of the bond. 
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Figure 3.10. Freeze/thaw cycle regimes. 
3.5.4 Chemical concentration 
Chemical concentration can vary the rate and magnitude of bond degradation while exposure 
to higher concentration can lead to an increased Kd (Tannous and Saadatmanesh 1999; 
Benmokrane et al. 2002). Figure 3.11(a-c) illustrates the pH distribution of the alkaline and 
acidic solutions as well as the concentration of salt in water solutions for seawater conditions. 
It is shown that the majority of the tests used a similar pH value or salt concentrations for 
alkaline and seawater environments. Despite an absence of guidance for the preparation of 
acidic solutions for durability tests, most studies have adopted a pH for acid environments of 
2.  
It can also be noted that only one study has directly considered the influence of different pH 
values of the solution on bond strength (Zhou et al. 2011). Such as lack of systematic testing 
makes it difficult to fully quantify the impact of pH and to develop a set of standardised testing 
protocols. It is therefore suggested that more experimental research is required in this area. 
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Figure 3.11. Distribution of solution pH and chemical concentration. 
3.6 Effect of parameters on the durability of the bond strength 
Having qualitatively identified the parameters that influence the degradation of FRP-to-
concrete bond, the database is now quantitatively assessed. It will be shown that even with a 
large experimental database, it is difficult to develop predictive expressions to describe the 
magnitude or rate of degradation because of a lack of data in which only a single test variable 
has been altered. This is particularly significant as it has been shown in previous sections that 
virtually all material, geometric and exposure parameters can be expected to significantly 
influence bond degradation. In order to minimise the influence of coupled effects, the database 
has, where possible, been filtered to select only specimens with similar specifications for the 
analysis. Furthermore, only tests in which pull-out failure has occurred are considered in order 
to remove the effect of cy/dfrp which strongly controls splitting failure. Unless mentioned 
otherwise, the results of the specimens which experienced failure modes such as concrete 
splitting failure and FRP bar fracture are excluded from the analysis in this section due to 
insufficient sample size for making solid conclusions. Similarly, the results of the samples with 
smooth and roughed surfaces are also not considered in the analysis due to the limited sample 
size. 
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The entire collection of data in the Other conditions category are not considered in the 
following sections, because of the exclusivity of these tests where no comparison can be made 
among the results of these samples to that of other samples in different categories. 
Upon reference to Figure 3.8, it can be seen that in several experimental campaigns the bond 
strength initially increased before ultimately reducing. When an increase in bond strength 
occurred, the normalisation of bond strength by the initial strength generally leads to a bi-linear 
or tri-linear relationship between normalised bond strength and time and this leads to difficulty 
in developing simple rules to describe the rate of bond degradation. However, as it can be 
assumed that the final Kd is constant, it is possible to consider only the final descending portion 
of the tri-linear relationship in Figure 3.12 in order to establish the rate of degradation which 
commences at the initiation point. 
 
Figure 3.12. Bond strength conversion method. 
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3.6.1 Material properties 
3.6.1.1 Effect of initial concrete compressive strength 
Figure 3.13(a) shows the relationship between the rate of degradation (Kd) and the initial 
concrete cylinder strength. It is worth mentioning again here that the initial concrete cylinder 
strength is taken as only 26% of specimens have an associated control. It can also be noted that 
with the exception of seawater exposure and freshwater exposure, there is no significant 
variation in the compressive strength of specimens tested and this greatly limits the ability to 
develop design rules. Based on the available data, it can be seen that the degradation rate is 
fairly scattered for low strength concretes and less scattered for high strength concretes. It is 
also observed that in most instances the general trend is a reduction in strength or a slight 
increase in strength over time. The true behaviour may, however, be clouded by the lack of 
control specimens. 
A potential reason for larger scatter in Kd for lower concrete strengths may be the continuous 
hydration of concrete in low and normal strength concrete mixes. For higher strength concrete 
the outer resin layer of the bar may be the weakest link meaning that failure occurs within the 
bar regardless of any increase in concrete strength over time.   
No clear relationship can be observed between concrete strength and degradation rate for 
samples exposed to thermal conditioning in Figure 3.13(b). The insensitivity to fcyl is likely 
because at the range of temperatures considered no significant damage to the concrete can be 
expected due to thermal loading, and therefore it is likely that damage to a large extent occurs 
within the bar. 
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(a) Hygrothermal (b) Thermal 
Figure 3.13. Correlation between initial concrete compressive strength and rate of 
degradation. 
A more detailed inconsistent change of the bond strength versus exposure duration are found 
in Figure 3.14, in which for each exposure time the results of individual studies under the same 
conditioning regime are compared. The legend can be interpreted as sample identification code-
failure mode-reference (i.e. Figure 3.14(e) the temperature provided in the legend is the 
temperature envelope). This plot indicates that bond strength is not only controlled by the initial 
fcyl, but also the failure mode and the type of concrete. It needs to be highlighted that for the 
majority of the samples the change of normalised bond strength is in the range between 0.8 and 
1.2. For the samples with an initial increasing trend of τ*, it is clear that these samples have low 
fcyl (less than 40 MPa). In addition, increasing trends of normalised bond strength can also be 
observed in some samples with high fcyl (greater than 40 MPa), which can be explained by three 
main reasons, (1) good protection on the bond region, (2) short exposure duration, and (3) use 
of FRC. Furthermore, it appears that the coral concrete cast samples may face more severe 
durability issues as shown in Figure 3.14(c) as these samples have a higher degradation rate 
under the attack of seawater solution compared to samples cast using normal concrete. While 
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the authors (Wang et al. 2018) suggest that the main reason of the higher degradation rate of 
the CC cast samples is the use of thinner concrete cover, more detailed investigation is needed. 
As for the samples cast by sea sand concrete, no obvious change in durability can be observed 
comparing the sample with NC as shown in Figure 3.14(c). 
It is worth mentioning that for the vast majority of the tests that experienced splitting failure, 
the bond strength was enhanced with longer exposure time. In all instances, while it is possible 
to observe changes in failure mode over time, it is not possible to differentiate between 
enhancements in strength due to continued hydration and confinement by bar swelling. It is 
therefore suggested that the concrete be fully matured prior to commencing environmental 
conditioning and that sufficient control specimens are allowed for in order to fully characterise 
the concrete compressive strength. 
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Figure 3.14. Normalised bond strength versus exposure duration. The legend is arranged in 
order of sample identification code, failure mode and source reference. 
Since it is not possible to differentiate between the influence of concrete maturity and bar 
swelling, in the following sections, the results of the bond test where the normalised bond 
strengths over 1.05 will be removed such that only specimens in which a reduction in bond 
strength was observed are considered. 
3.6.1.2 Effect of fibre and resin combination 
It is known that different fibre-resin combinations play a significant role in bond durability 
because for different combinations the rate of water uptake is significantly different. In Figure 
3.15, the rate of degradation is plotted for various fibre and reins combinations under different 
hygrothermal and thermal conditions. Again, although there are significant fluctuations in the 
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data some overall trends can be observed. Firstly, GV and CE bars undergo minimal changes 
in the degradation rate compared to the other fibre and resin combinations regardless of the 
type of the environment. Secondly, samples subjected to pre-conditioning were observed to 
experience more significant degradation.  
It is important to note that Figure 3.15(a) only shows the tests with normalised bond strength 
less than 1.05 in order to limit uncertainty surrounding concrete maturity; however, the tests 
containing normalised bond strengths over 1.05 include a large portion of samples with epoxy 
adhesive. Although generally showing an increase in bond strength, these results do not prove 
that epoxy resins have superior durability because they have a higher initial strength than vinyl 
ester and polyester (Benmokrane et al. 1995). This means that a slight deterioration in the 
mechanical properties of the epoxy adhesive will not be reflected on the bond strength because 
the bar is not the weakest link in the components that influence bond strength. A higher 
concrete strength development is therefore required before the degradation of the bar with 
epoxy resin will be detected. This may potentially explain the reason why a large portion of 
the fibre with epoxy resin exhibits an increase in bond strength even after environmental 
conditioning. 
Figure 3.15(b) shows the rate of degradation for thermally conditioned samples (Ks). It 
indicates that Ks reduced significantly from 50 to 100°C, and after that, the Ks stabilised 
between -0.0004 and -0.0006. For the tests conducted immediately after removal from the oven 
or temperature chamber, the CV and CE show an increasing trend between 50°C and 80°C 
which is likely due to transverse thermal expansion (Masmoudi et al. 2005). This effect is, 
however, not observed in the test with GV bar reinforced specimens. 
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(a) Hygrothermal (b) Thermal 
Figure 3.15. Influence of environmental conditions on resin and fibre combinations. Legend 
is arranged in order of environmental conditioning regime and fibre and resin type. 
The degradation rate of the samples in which the pull-tests were conducted after returning to 
ambient temperature showed the least degradation. For this group, Ks is similar for all the fibre-
resin combinations when heated to less than 300°C. For temperatures above this limit, GV and 
GE bars perform better than GP, BE and CV bars. 
3.6.2 Geometrical Properties 
3.6.2.1 Effect of surface textures 
To investigate the effect of FRP bar surface texture on the rate of degradation, the impact of 
other factors such as dfrp, temperature and duration must be minimised. The data points plotted 
in Figure 3.16 were specifically filtered to include the bar diameter only from 8 to 12.7mm to 
ensure the bar size effect will not significantly affect the degradation rate. The test results were 
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also categorised according to the fibre and resin combinations and temperature range, where 
unique labels are assigned to each test with various fibre/resin types and surface textures.  
 
Figure 3.16. Effect of surface textures on rate of degradation. Legend is arranged in terms of 
fibre and resin type followed by bar surface texture type. 
For the majority of tests, the sand coated surface FRP bars underwent more significant 
degradation than bars with other surface textures, which is indicated by the mean Kd. The only 
exception to this is for specimens exposed to water at 60°C. In this case, the sand coated FRP 
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bars demonstrated a lower mean degradation rate compared to non-sand coated FRP bars which 
have a roughened surface. This surface texture may be the reason for the high degradation rate, 
since a roughed surface is created by sandblasting the resin-rich surface. This type of texture 
mainly relies on the adhesion between the FRP bar and concrete, while the bond strength can 
simply deteriorate when adhesion is overcome by the pull-out force. Furthermore, bars with a 
non-sand coated surface showed a similar rate of degradation in each environmental condition 
although significant scatter of the results can be observed. 
3.6.2.2 Effect of bar diameters 
The effect of bar diameter on the deterioration rate is shown in Figure 3.17. The prisms 
subjected to similar temperature and different bar diameters are grouped in order to analyse the 
change in Kd and Ks.  
The data reveals that, regardless of the surface texture, with or without sand coating, the 
specimens under hygrothermal conditions with larger bar diameters deteriorated at a slower 
rate. The exceptions are observed for specimens under seawater conditioning. In this case, the 
8mm diameter FRP bar experienced much less degradation compared to the larger bars. 
Additionally, the majority of the specimens of such a bar diameter were tested by Dong et al. 
(2016a), who utilised a different exposure method. That is, the bond breaker was sealed while 
the unloaded bar end was bare in order to ensure the solution could only reach the bonded 
region through the concrete cover. Hence it can be expected that exposure to seawater will be 
lower as the solution must diffuse through the concrete cover.  
For specimens under thermal conditioning, a similar relationship between the FRP bar 
diameter and bond strength deterioration is observed. For the majority of cases, the degradation 
rate decreases with a larger bar diameter under the same temperature, however, this trend is 
more obvious under lower temperature compared to higher temperature. 
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(a) Hygrothermal (b) Thermal 
Figure 3.17. Effect of FRP bar diameter on rate of degradation. Legend is arranged in terms 
of environment condition type, followed by temperature range. 
A relationship between Ks and dfrp was found in the bare FRP bar tests. Specifically, tensile 
coupon tests were performed by Micelli and Nanni (2004) for CFRP bars of 8.26 and 8 mm 
diameters. The specimens were conditioned under an alkali environment prior to the tensile 
test and the results revealed that the 8.26 mm diameter bar had no degradation of tensile 
strength, however, the 8 mm bar had its tensile strength reduced by 5%. Similar results were 
also reported by Serbescu et al. (2014) who tested BFRP bars under alkaline solutions at 60 °C 
for 100 hours. Although there was some degree of scatter in the results, the general trend shows 
FRP bars with larger bar diameters to exhibit higher alkali resistance. The reason for the higher 
bond strength retaining rate may be due to a thick surface resin layer that protects the fibre 
from ingress of the aggressive environmental agent (Wu et al. 2015). 
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3.7 Conclusions and recommendations 
With the aim of providing guidance for future experimental design, a comprehensive 
database of 1244 test results that quantify residual bond strength after environmental 
conditioning was established. This database considers 7 different conditioning regimes 
including water, alkaline, seawater, acidic, freeze/thaw, dry heat and other regimes was 
established. The compilation of this test data highlighted the significant difficulty in 
quantifying the change in bond properties resulting from environmental exposure. This was 
largely attributed to a lack of systematic experimental design and the significant variation in 
conditioning regimes between individual test campaigns. 
Based on the analysis performed in the current study, the following conclusions can be 
drawn: 
1. The increase of bond strength over exposure time arises from two major changes: (1) 
an increase in concrete strength due to concrete maturing, and (2) swelling of the FRP 
bar that results in confinement. For the first scenario, it is assumed that the FRP bar 
resin matrix has higher initial strength and the concrete strength gradually increases 
with longer exposure time, which consequently leads to increase in bond strength. For 
the second scenario the volume of FRP bar expands due to moisture uptake. It occurs 
mainly on the outer resin layer of the bar where the moisture diffuses into the resin 
matrix that in turn increases the resin volume by creating voids and micro-cracks. This 
phenomenon is not applied to thermally conditioned samples since the FRP bar surface 
resin matrix is highly sensitive to temperature. The degradation rate of the resin strength 
under high temperature is much more rapid than the concrete strength. 
2. An increase of the bond strength may be observed at an early stage of exposure 
(approximately 1000 hours), after which the bond strength starts decreasing. 
 126 
3. No direct comparisons among different exposure setups have been studied to date. 
Based on current test results, the pre-exposed method shows the most severe 
degradation while the method utilising conventional pull-out specimens consisting of 
concrete blocks or cylinders with FRP bars provide relatively higher bond strength 
preservation. 
4. Based on the current test results, it is observed that different fibre and resin 
combinations can lead to different degradation rates. The GV and CE bar reinforced 
concrete specimens have relatively better performance compared to the other bars. 
Further study is needed to identify the durability of each fibre and resin combination 
using HSC in order to avoid the influence of concrete maturity and swelling. 
5. Surface texture can affect bond durability where sand coated FRP bar surfaces appear 
more vulnerable to attack from hygrothermal or thermal environmental conditions. 
6. FRP bars are dissimilar to steel bars, as FRP bars are size-dependent. It is found that a 
larger FRP bar diameter provides better bond strength preservation under harsh 
hygrothermal or thermal environmental conditions. 
The following represents a series of future research needs to help consolidate our knowledge 
of the broad topic area in a strategic manner. 
1. Systematic studies to isolate the impact of a single variable are lacking, and this 
includes studies to investigate the impact of simple mechanical properties such as 
concrete strength and bar type. 
2. Standardised accelerating protocols are needed – the lack of studies conducted using 
identical environmental conditioning makes it very difficult to identify global trends. 
3. Testing programs need to be conducted with appropriate control samples. Measurement 
of concrete strength before and after exposure is required to account for the influence 
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of concrete maturity and concrete degradation. It is otherwise difficult to isolate the 
reason for changes to bond strength. 
4. The material properties of the FRP reinforcement, particularly Efrp, need to be tested 
before and after the exposure condition. A change of Efrp can result in an inaccurate 
measurement of slip at the loaded end. 
5. Multiple methods were used to perform freeze/thaw testing. To ensure such results are 
usable, the number of freeze/thaw cycles and the length of each cycle/total duration 
must be reported. 
6. The durability of concrete reinforced with CFRP bars under an acid environment has 
not been investigated to date. Although the bond strength is mainly due to the surface 
resin stiffness, the interface between the carbon fibre and resin matrix also can affect 
the overall bond. 
7. The data compiled in this paper does not consider the impact of combined mechanical 
loading and environmental conditioning, which may lead to increased degradation. It is 
therefore suggested that further research on combined environmental and mechanical 
loading be conducted.  
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3.8 Appendix A 
Variables used in the past studies are listed in Table 3-1. 
Table 3-1. Database details: Specific reference details 
Reference 
Specimens’ properties Experiment specifications 
Type 
of 
fibre 
Type 
of 
resin 
Bar 
surface 
texture 
Bar 
diameter 
(dfrp) 
Concrete 
compressive 
strength (fcyl) 
Concrete 
cover to 
bar ratio 
(cy/dfrp) 
Embedment 
length to bar 
diameter 
(Lb/dfrp) 
Durati
on 
(t) 
Temperat
ure 
(T) 
Concentration 
of the chemical 
solution 
(Mashima 
and Iwamoto 
1993) 
✓ - ✓ - - - - ✓ - - 
(Bank et al. 
1998) 
- ✓ ✓ - - - - ✓ - - 
(Katz et al. 
1999) 
- ✓ ✓ - - - - ✕ ✓ ✕ 
(Al-Dulaijan 
et al. 2001) 
✓ - ✓ - - - - - - - 
(Al-Zahrani 
et al. 2002) 
- - - - - - - ✓ - - 
(Abbasi and 
Hogg 2005) 
- - - - - - - ✓ ✓ - 
(Balázs–
Adorján and 
- - - - - ✓ - ✕ ✓ ✕ 
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Nehme 
2005) 
(Galati et al. 
2006) 
- - - - - ✓ ✓ - - - 
(Alvarez et 
al. 2007) 
- - - ✓ - - ✓ -/✓ - - 
(Davalos et 
al. 2008) 
✓ ✓ ✓ ✓ - - - - ✓ - 
(Masmoudi 
et al. 2010) 
- - - ✓ - - - - ✓ ✕ 
(Robert and 
Benmokrane 
2010) 
- - - - - - - ✓ ✓ - 
(Masmoudi 
et al. 2011) 
- - - ✓ - - - ✓ ✓ ✕ 
(Belarbi and 
Wang 2011) 
✓ - ✓ ✓ - - - - - - 
(Zhou et al. 
2011) 
- - - - - - - ✓ - -/✓ 
(Zhou et al. 
2012) 
- - - - - - - ✓ - - 
(Won et al. 
2013) 
✓ - ✓ ✓ - - - - - - 
(El Refai et 
al. 2014) 
✓ ✓ ✓ - - - - -/✕ - -/✕ 
(Abedi 2014) - - - - - - - ✓ - - 
(Al-Tamimia 
et al. 2014) 
- - - - - - - ✓ - - 
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(Ammar 
2014) 
✓ ✓ ✓ ✓ - - - ✓ - - 
(El-Gamal 
2014) 
- - - - - - - ✓ ✓ ✕ 
(Altalmas et 
al. 2015) 
✓ ✓ ✓ - - - - ✓ - - 
(Calvet et al. 
2015) 
- ✓ ✓ ✓ - - - - ✓ -/✕ 
(Hassan et 
al. 2016) 
- - - - - - - ✓ ✓ - 
(Dong et al. 
2016a) 
✓ ✓ ✓ - - - - ✓ ✓ - 
(Dong et al. 
2016c) 
- - - - - - - ✓ - - 
(Dong et al. 
2016b) 
- - - - - - - ✓ - - 
(Yan et al. 
2016) 
- - - - - ✓ - - - - 
(Hamad et 
al. 2017) 
✓ ✓ ✓ - - - - ✕ ✓ ✕ 
(Li et al. 
2017) 
✓ - ✓ ✓ ✓ ✓ ✓ ✕ ✓ ✕ 
(Yan and Lin 
2017) 
- - - - - - - ✓ ✓ - 
(Dong et al. 
2018) 
✓ ✓ ✓ - - - - ✓ - - 
(Özkal et al. 
2018) 
- - - - - - - ✕ ✓ ✕ 
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(Wang et al. 
2018) 
✓ - - - - - - ✓ ✓ - 
Sum 13 10 15 9 1 4 3 21 16 1 
✓ denotes the variable was used in the study, - denotes the variable was not used in the study, ✕ denotes the variable was not applicable and -/✓ denotes that in the article possibly 
more than one type of tests was conducted one used the variable and another one did not. 
To note the change of the fcyl is exclude the studies with the sample cast in different batches which generates small variation in fcyl. 
To note the variable of cy/dfrp is exclude the studies with this parameter change due to the change of dfrp. 
To note the variable of exposure duration is included the studies with a minimum of 2 time stops adopted, except for the control test (0 days). 
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3.11 Nomenclature 
The following abbreviations are used in this paper: 
A/S Alkaline and saline solution environment; 
AC Acidic solution environment; 
ACPs Accelerated conditioning protocols; 
AFRP Aramid fibre-reinforced polymer; 
ALK  Alkaline solution environment; 
AU Aramid fibre bonded with unknown resin; 
B Braid textured fibre-reinforced polymer; 
BE Basalt fibre with Epoxy resin; 
BFRP Basalt fibre-reinforced polymer; 
BV Basalt fibre bonded with vinyl ester resin; 
C Cycle of freeze/thaw environmental condition; 
CC Coral concrete; 
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CE Carbon fibre bonded with epoxy resin; 
CFRP Carbon fibre-reinforced polymer; 
CU Carbon fibre bonded with unknown resin; 
CV Carbon fibre bonded with vinyl ester resin; 
F Fracture failure mode; 
F/T Freeze/thaw cycling environmental condition; 
FRC  Fibre-reinforced concrete; 
FRP Fibre-reinforced polymer; 
GE Glass fibre bonded with epoxy resin; 
GFRP Glass fibre reinforced polymer; 
GP Glass fibre bonded with polyester resin; 
GU Glass fibre bonded with unknown resin; 
GV Glass fibre bonded with vinyl ester resin; 
H Helical spiral textured fibre-reinforced polymer bar surface; 
HS Sand-coated helical spiral textured fibre-reinforced polymer 
bar surface; 
HYFRP Hybrid fibre-reinforced polymer; 
HYU Hybrid fibre-reinforced polymer bonded with unknown resin; 
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I Indentation textured fibre-reinforced polymer; 
IS Sand-coated indentation textured fibre-reinforced polymer 
bar surface; 
NC Normal concrete; 
O Outdoor environmental condition; 
OTH Other conditions; 
PO Pull-out failure mode; 
PRE  Pre-conditioned bar; 
R Rough surfaced fibre-reinforced polymer bar; 
RB Rib textured fibre-reinforced polymer bar surface; 
RH Relative humidity; 
S Saline environment condition; 
SC Sand-coated fibre-reinforced polymer bar surface; 
SFRP Basalt fibre-reinforced polymer bar with steel core; 
SM Smooth surfaced fibre-reinforced polymer bar; 
SP Splitting failure mode; 
SSC Sea sand concrete; 
SV Basalt-steel fibre bonded with vinyl ester resin; 
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T Elevated temperature environmental condition; 
TC High temperature treated specimens cooled before conducting 
pull-out tests; 
TH High temperature maintained while conducting pull-out test; 
TR Specimens removed from the heat chamber before pull-out 
test; 
TU Unknown temperature conditioning at the time of pull-out 
testing; 
U Unknown; 
UCS Unconfined compressive strength; 
VU Vinyl fibre bonded with unknown resin; 
W Water environmental condition; 
  
3.12 Notation 
The following symbols are used in this paper: 
cy = vertical distance of the outer-surface of the concrete to FRP bar’s out-surface, mm; 
dfrp= diameter of the FRP bar, mm; 
Efrp= FRP bar modulus of elasticity along the longitudinal axis, GPa; 
fcb= concrete cube compressive strength, MPa; 
fcyl= concrete cylinder compressive strength, MPa; 
Kd= rate of degradation of specimens subjected to hygrothermal condition; 
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Ks= rate of degradation of the specimens subjected to thermal condition; 
Lb= embedment length of FRP bar in concrete specimen, mm; 
t= exposure duration, hours; 
tref= exposure duration of reference specimen, hours; 
T= exposure temperature, °C; 
Tref= control sample exposure temperature, °C; 
τ*= normalised bond strength; 
τ*ref= normalised bond strength of reference specimen. 
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3.14 Supplementary materials 
3.14.1 Geometrical and conditioning regime 
3.14.1.1 Water 
Reference 
and other 
details 
Specimen 
ID 
Code 
Bar 
texturea 
Geometry 
Test 
typeb 
Conditioning/exposure 
Substrate dimensions 
Temperature 
(°C) 
Duration 
(hrs) 
Test Condtiion D  
(mm) 
Lb 
(mm) 
Lb/Dfrp 
Dfrp 
(mm) 
Afrp 
(mm2) 
C 
(mm) 
C/Dfrp 
Bank et al. 
(1998) 
R1-Control A1 SM 100 63.5 5 12.7 127 43.7 3.4 C    
R1-Control A2 SM 100 63.5 5 12.7 127 43.7 3.4 C    
  R1-Control A3 SM 100 63.5 5 12.7 127 43.7 3.4 C    
  R1-E1 A4 SM 100 63.5 5 12.7 127 43.7 3.4 C 80 336 Water 
  R1-E1 A5 SM 100 63.5 5 12.7 127 43.7 3.4 C 80 336 Water 
  R1-E1 A6 SM 100 63.5 5 12.7 127 43.7 3.4 C 80 336 Water 
  R1-E2 A7 SM 100 63.5 5 12.7 127 43.7 3.4 C 80 2016 Water 
  R1-E2 A8 SM 100 63.5 5 12.7 127 43.7 3.4 C 80 2016 Water 
  R1-E2 A9 SM 100 63.5 5 12.7 127 43.7 3.4 C 80 2016 Water 
  R2-Control B1 SM 100 63.5 5 12.7 127 43.7 3.4 C    
  R2-Control B2 SM 100 63.5 5 12.7 127 43.7 3.4 C    
  R2-Control B3 SM 100 63.5 5 12.7 127 43.7 3.4 C    
  R2-E1 B4 SM 100 63.5 5 12.7 127 43.7 3.4 C 80 336 Water 
  R2-E1 B5 SM 100 63.5 5 12.7 127 43.7 3.4 C 80 336 Water 
  R2-E1 B6 SM 100 63.5 5 12.7 127 43.7 3.4 C 80 336 Water 
  R2-E2 B7 SM 100 63.5 5 12.7 127 43.7 3.4 C 80 2016 Water 
  R2-E2 B8 SM 100 63.5 5 12.7 127 43.7 3.4 C 80 2016 Water 
  R2-E2 B9 SM 100 63.5 5 12.7 127 43.7 3.4 C 80 2016 Water 
  R3-Control C1 H 100 63.5 5 12.7 127 43.7 3.4 C    
  R3-Control C2 H 100 63.5 5 12.7 127 43.7 3.4 C    
  R3-Control C3 H 100 63.5 5 12.7 127 43.7 3.4 C    
  R3-E1 C4 H 100 63.5 5 12.7 127 43.7 3.4 C 80 336 Water 
  R3-E1 C5 H 100 63.5 5 12.7 127 43.7 3.4 C 80 336 Water 
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  R3-E1 C6 H 100 63.5 5 12.7 127 43.7 3.4 C 80 336 Water 
  R3-E2 C7 H 100 63.5 5 12.7 127 43.7 3.4 C 80 2016 Water 
  R3-E2 C8 H 100 63.5 5 12.7 127 43.7 3.4 C 80 2016 Water 
  R3-E2 C9 H 100 63.5 5 12.7 127 43.7 3.4 C 80 2016 Water 
  R4-Control D1 HS 100 63.5 5 12.7 127 43.7 3.4 C    
  R4-Control D2 HS 100 63.5 5 12.7 127 43.7 3.4 C    
  R4-Control D3 HS 100 63.5 5 12.7 127 43.7 3.4 C    
  R4-E1 D4 HS 100 63.5 5 12.7 127 43.7 3.4 C 80 336 Water 
  R4-E1 D5 HS 100 63.5 5 12.7 127 43.7 3.4 C 80 336 Water 
  R4-E1 D6 HS 100 63.5 5 12.7 127 43.7 3.4 C 80 336 Water 
  R4-E2 D7 HS 100 63.5 5 12.7 127 43.7 3.4 C 80 2016 Water 
  R4-E2 D8 HS 100 63.5 5 12.7 127 43.7 3.4 C 80 2016 Water 
  R4-E2 D9 HS 100 63.5 5 12.7 127 43.7 3.4 C 80 2016 Water 
                
Al-Dulaijan 
et al. (2001) 
SGV A1 SM 150 63.5 5 12.7 127 68.7 5.4 C    
SGV-W A2 SM 150 63.5 5 12.7 127 68.7 5.4 C 80 672 Pre-conditioned in water 
  MGV B1 R 150 63.5 5 12.7 127 68.7 5.4 C    
  MGV-W B2 R 150 63.5 5 12.7 127 68.7 5.4 C 80 672 Pre-conditioned in water 
                
Abbasi and 
Hogg (2005) 
 A1 HS 100 60.0 5 12 113.1 44.0 3.7 C 20 720  
 A2 HS 100 60.0 5 12 113.1 44.0 3.7 C 20 2880 Water 
   A3 HS 100 60.0 5 12 113.1 44.0 3.7 C 20 5760 Water 
                
Galati et al. 
(2006) 
C1 A1 HS 152 76.0 8 9.5 70.9 71.3 7.5 C    
C2 B1 HS 152 152.0 16 9.5 70.9 71.3 7.5 C    
C1-T A2 HS 152 76.0 8 9.5 70.9 71.3 7.5 C 70 200 80% Humidity 
  C2-T B2 HS 152 152.0 16 9.5 70.9 71.3 7.5 C 70 200 80% Humidity 
  2d1 C1 HS 152 76.0 8 9.5 70.9 19.0 2.0 E    
  2d2 D1 HS 152 152.0 16 9.5 70.9 19.0 2.0 E    
  2d1-T C2 HS 152 76.0 8 9.5 70.9 19.0 2.0 E 70 200 80% Humidity 
  2d2-T D2 HS 152 152.0 16 9.5 70.9 19.0 2.0 E 70 200 80% Humidity 
  3d1 E1 HS 152 76.0 8 9.5 70.9 28.5 3.0 E    
  3d2 F1 HS 152 152.0 16 9.5 70.9 28.5 3.0 E    
  3d1-T E2 HS 152 76.0 8 9.5 70.9 28.5 3.0 E 70 200 80% Humidity 
  3d2-T F2 HS 152 152.0 16 9.5 70.9 28.5 3.0 E 70 200 80% Humidity 
                
GFRP 1 A1 HS 150 47.5 5 9.5 70.9 70.3 7.4 C    
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Davalos et 
al. (2008) 
GFRP 1 A2 HS 150 47.5 5 9.5 70.9 70.3 7.4 C    
  GFRP 1 A3 HS 150 47.5 5 9.5 70.9 70.3 7.4 C    
  GFRP 2 B1 HS 150 63.5 5 12.7 126.7 68.7 5.4 C    
  GFRP 2 B2 HS 150 63.5 5 12.7 126.7 68.7 5.4 C    
  GFRP 2 B3 HS 150 63.5 5 12.7 126.7 68.7 5.4 C    
  GFRP 3 C1 SC 150 47.5 5 9.5 70.9 70.3 7.4 C    
  GFRP 3 C2 SC 150 47.5 5 9.5 70.9 70.3 7.4 C    
  GFRP 3 C3 SC 150 47.5 5 9.5 70.9 70.3 7.4 C    
  CFRP D1 R 150 45.0 5 9 63.6 70.5 7.8 C    
  CFRP D2 R 150 45.0 5 9 63.6 70.5 7.8 C    
  CFRP D3 R 150 45.0 5 9 63.6 70.5 7.8 C    
                
  GFRP 1 A4 HS 150 47.5 5 9.5 70.9 70.3 7.4 C 20 2160 Water 
  GFRP 1 A5 HS 150 47.5 5 9.5 70.9 70.3 7.4 C 20 2160 Water 
  GFRP 1 A6 HS 150 47.5 5 9.5 70.9 70.3 7.4 C 20 2160 Water 
  GFRP 2 B4 HS 150 63.5 5 12.7 126.7 68.7 5.4 C 20 2160 Water 
  GFRP 2 B5 HS 150 63.5 5 12.7 126.7 68.7 5.4 C 20 2160 Water 
  GFRP 2 B6 HS 150 63.5 5 12.7 126.7 68.7 5.4 C 20 2160 Water 
  GFRP 3 C4 SC 150 47.5 5 9.5 70.9 70.3 7.4 C 20 2160 Water 
  GFRP 3 C5 SC 150 47.5 5 9.5 70.9 70.3 7.4 C 20 2160 Water 
  GFRP 3 C6 SC 150 47.5 5 9.5 70.9 70.3 7.4 C 20 2160 Water 
  CFRP D4 R 150 45.0 5 9 63.6 70.5 7.8 C 20 2160 Water 
  CFRP D5 R 150 45.0 5 9 63.6 70.5 7.8 C 20 2160 Water 
  CFRP D6 R 150 45.0 5 9 63.6 70.5 7.8 C 20 2160 Water 
                
  GFRP 1 A7 HS 150 47.5 5 9.5 70.9 70.3 7.4 C 60 2160 Water 
  GFRP 1 A8 HS 150 47.5 5 9.5 70.9 70.3 7.4 C 60 2160 Water 
  GFRP 1 A9 HS 150 47.5 5 9.5 70.9 70.3 7.4 C 60 2160 Water 
  GFRP 2 B7 HS 150 63.5 5 12.7 126.7 68.7 5.4 C 60 2160 Water 
  GFRP 2 B8 HS 150 63.5 5 12.7 126.7 68.7 5.4 C 60 2160 Water 
  GFRP 2 B9 HS 150 63.5 5 12.7 126.7 68.7 5.4 C 60 2160 Water 
  GFRP 3 C7 SC 150 47.5 5 9.5 70.9 70.3 7.4 C 60 2160 Water 
  GFRP 3 C8 SC 150 47.5 5 9.5 70.9 70.3 7.4 C 60 2160 Water 
  GFRP 3 C9 SC 150 47.5 5 9.5 70.9 70.3 7.4 C 60 2160 Water 
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  CFRP D7 R 150 45.0 5 9 63.6 70.5 7.8 C 60 2160 Water 
  CFRP D8 R 150 45.0 5 9 63.6 70.5 7.8 C 60 2160 Water 
  CFRP D9 R 150 45.0 5 9 63.6 70.5 7.8 C 60 2160 Water 
                
                
Robert and 
Benmokrane 
(2010) 
Control 1 SC 200 95.0 5 19 283.5 90.5 4.8 C    
60-23 A2 SC 200 95.0 5 19 283.5 90.5 4.8 C 23 1440 Water 
  60-40 B2 SC 200 95.0 5 19 283.5 90.5 4.8 C 40 1440 Water 
  60-50 C2 SC 200 95.0 5 19 283.5 90.5 4.8 C 50 1440 Water 
  120-23 A3 SC 200 95.0 5 19 283.5 90.5 4.8 C 23 2880 Water 
  120-40 B3 SC 200 95.0 5 19 283.5 90.5 4.8 C 40 2880 Water 
  120-50 C3 SC 200 95.0 5 19 283.5 90.5 4.8 C 50 2880 Water 
  180-23 A4 SC 200 95.0 5 19 283.5 90.5 4.8 C 23 4320 Water 
  180-40 B4 SC 200 95.0 5 19 283.5 90.5 4.8 C 40 4320 Water 
  180-50 C4 SC 200 95.0 5 19 283.5 90.5 4.8 C 50 4320 Water 
            
 
   
            
 
   
Zhou et la. 
(2011) 
GC-30 A1 H 75 64.0 4 16 201.1 29.5 1.8 C    
GW-30 A2 H 75 64.0 4 16 201.1 29.5 1.8 C 20 720 Water 
  GW-45 A3 H 75 64.0 4 16 201.1 29.5 1.8 C 20 1080 Water 
  GW-60 A4 H 75 64.0 4 16 201.1 29.5 1.8 C 20 1440 Water 
  GW-75 A5 H 75 64.0 4 16 201.1 29.5 1.8 C 20 1800 Water 
  
              
Zhou et al. 
(2012) 
GC-90 A1 H 75 64.0 4 16 201.1 29.5 1.8 C 20 2160  
GW-90 A2 H 75 64.0 4 16 201.1 29.5 1.8 C 20 2160 Water 
                
El Refai et 
al. (2014) 
B1C-1 A1 H 200 60.0 5 12 113.1 94.0 7.8 C    
B1C-2 A2 H 200 60.0 5 12 113.1 94.0 7.8 C    
  B1C-3 A3 H 200 60.0 5 12 113.1 94.0 7.8 C      
B2C-1 B1 IS 200 60.0 5 12 113.1 94.0 7.8 C      
B2C-2 B2 IS 200 60.0 5 12 113.1 94.0 7.8 C      
B2C-3 B3 IS 200 60.0 5 12 113.1 94.0 7.8 C      
B2C-4 B4 IS 200 60.0 5 12 113.1 94.0 7.8 C      
B2C-5 B5 IS 200 60.0 5 12 113.1 94.0 7.8 C    
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GC-1 C1 I 200 60.0 5 12 113.1 94.0 7.8 C      
GC-2 C2 I 200 60.0 5 12 113.1 94.0 7.8 C      
GC-3 C3 I 200 60.0 5 12 113.1 94.0 7.8 C      
B1W-90-1 A4 H 200 60.0 5 12 113.1 94.0 7.8 C 20 2160 Water   
B1W-90-3 A5 H 200 60.0 5 12 113.1 94.0 7.8 C 20 2160 Water   
B2W-90-1 B6 IS 200 60.0 5 12 113.1 94.0 7.8 C 20 2160 Water   
B2W-90-2 B7 IS 200 60.0 5 12 113.1 94.0 7.8 C 20 2160 Water   
B2W-90-3 B8 IS 200 60.0 5 12 113.1 94.0 7.8 C 20 2160 Water   
GW-90-1 C4 I 200 60.0 5 12 113.1 94.0 7.8 C 20 2160 Water   
GW-90-2 C5 I 200 60.0 5 12 113.1 94.0 7.8 C 20 2160 Water 
    GW-90-3 C6 I 200 60.0 5 12 113.1 94.0 7.8 C 20 2160 Water 
 
3.14.1.2 Alkaline 
Reference 
and other 
details 
Specimen 
ID 
Cod
e 
Bar 
texture
a 
Geometry 
Test 
type
b 
Conditioning/exposure 
  
Temperatu
re (°C) 
Duratio
n (hrs) 
Test Condtiion D 
(mm
) 
Lb 
(mm
) 
Lb/Dfr
p 
Dfrp 
(mm
) 
Afrp 
(mm2
) 
C 
(mm
) 
C/Dfr
p 
                
Al-Dulaijan et 
al. (2001) 
SGV A1 SM 150 64 5 13 127 68.7 5 C    
SGV-AM A2 SM 150 64 5 13 127 68.7 5 C 80 672 Pre-conditioned pH=12.5 
  SCV B1 R 150 64 5 13 127 68.7 5 C    
  SCV-AM B2 R 150 64 5 13 127 68.7 5 C 80 672 Pre-conditioned pH=12.5 
  SCE C1 R 150 64 5 13 127 68.7 5 C    
  SCE-AM C2 R 150 64 5 13 127 68.7 5 C 80 672 Pre-conditioned pH=12.5 
  MGV D1 R 150 64 5 13 127 68.7 5 C    
  MGV-AM D2 RB 150 64 5 13 127 68.7 5 C 80 672 Pre-conditioned pH=12.5 
  MCV E1 RB 150 64 5 13 127 68.7 5 C    
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  MCV-AM E2 RB 150 64 5 13 127 68.7 5 C 80 672 Pre-conditioned pH=12.5 
  MCE F1 RB 150 64 5 13 127 68.7 5 C    
  MCE-AM F2 RB 150 64 5 13 127 68.7 5 C 80 672 Pre-conditioned pH=12.5 
                
Abbasi and 
Hogg (2005) 
 A1 HS 100 60 5 12 113 44.0 4 C 20 0  
 A2 HS 100 60 5 12 113 44.0 4 C 20 2160 pH=12.5 
  
 A3 HS 100 60 5 12 113 44.0 4 C 20 5040 pH=12.5 
                
Zhou et al. 
(2012) 
GC-30 A1 H 75 64 4 16 201 29.5 2 C 20 0  
GpH13.5-
30 
A2 H 75 64 4 16 201 29.5 2 C 20 720 NaOH pH=13.5 
  
GpH13.5-
60 
A3 H 75 64 4 16 201 29.5 2 C 20 1440 NaOH pH=13.5 
  
GpH13.5-
90 
A4 H 75 64 4 16 201 29.5 2 C 20 2160 NaOH pH=13.5 
                
                
Abedi (2014) 
Lab 1 A1 I 200 80 5 16 201 92.0 6 C  
0 
 
Lab 2 A2 I 200 80 5 16 201 92.0 6 C   
  
Alkaline 
30-1 
A3 I 200 80 5 16 201 92.0 6 C  
720 
 NaOH, pH=13 
  
Alkaline 
30-2 
A4 I 200 80 5 16 201 92.0 6 C   NaOH, pH=13 
  
Alkaline 
60-1 
A5 I 200 80 5 16 201 92.0 6 C  
1440 
 NaOH, pH=13 
  
Alkaline 
60-2 
A6 I 200 80 5 16 201 92.0 6 C   NaOH, pH=13 
  
Alkaline 
90-1 
A7 I 200 80 5 16 201 92.0 6 C  
2160 
 NaOH, pH=13 
  
Alkaline 
90-2 
A8 I 200 80 5 16 201 92.0 6 C   NaOH, pH=13 
                
Altalmas et al. 
(2015) 
BC-1 A1 IS 200 60 5 12 113 94.0 8 C 20 
0 
 
BC-2 A2 IS 200 60 5 12 113 94.0 8 C 20  
  BC-3 A3 IS 200 60 5 12 113 94.0 8 C 20 
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  BC-4 A4 IS 200 60 5 12 113 94.0 8 C 20 
 
  BC-5 A5 IS 200 60 5 12 113 94.0 8 C 20 
 
  GC-1 B1 I 200 60 5 12 113 94.0 8 C 20 
0 
 
  GC-2 B2 I 200 60 5 12 113 94.0 8 C 20 
 
  GC-3 B3 I 200 60 5 12 113 94.0 8 C 20 
 
  BK-30-1 A6 IS 200 60 5 12 113 94.0 8 C 60 
720 
pH=12.5 
  BK-30-2 A7 IS 200 60 5 12 113 94.0 8 C 60 pH=12.5 
  BK-30-3 A8 IS 200 60 5 12 113 94.0 8 C 60 pH=12.5 
  GK-30-1 B4 I 200 60 5 12 113 94.0 8 C 60 
720 
pH=12.5 
  GK-30-2 B5 I 200 60 5 12 113 94.0 8 C 60 pH=12.5 
  GK-30-3 B6 I 200 60 5 12 113 94.0 8 C 60 pH=12.5 
  BK-60-1 A9 IS 200 60 5 12 113 94.0 8 C 60 
1440 
pH=12.5 
  BK-60-2 A10 IS 200 60 5 12 113 94.0 8 C 60 pH=12.5 
  BK-60-3 A11 IS 200 60 5 12 113 94.0 8 C 60 pH=12.5 
  GK-60-1 B7 I 200 60 5 12 113 94.0 8 C 60 
1440 
pH=12.5 
  GK-60-2 B8 I 200 60 5 12 113 94.0 8 C 60 pH=12.5 
  GK-60-3 B9 I 200 60 5 12 113 94.0 8 C 60 pH=12.5 
  BK-90-1 A12 IS 200 60 5 12 113 94.0 8 C 60 
2160 
pH=12.5 
  BK-90-2 A13 IS 200 60 5 12 113 94.0 8 C 60 pH=12.5 
  BK-90-3 A14 IS 200 60 5 12 113 94.0 8 C 60 pH=12.5 
  GK-90-1 B10 I 200 60 5 12 113 94.0 8 C 60 
2160 
pH=12.5 
  GK-90-2 B11 I 200 60 5 12 113 94.0 8 C 60 pH=12.5 
  GK-90-3 B12 I 200 60 5 12 113 94.0 8 C 60 pH=12.5 
                
Hassan et al. 
(2016) 
B1-(0-23) 1 RB 200 60 5 12 113 94.0 8 C 
20 
  
B2-(0-23) 2 RB 200 60 5 12 113 94.0 8 C 
0 
 
B3-(0-23) 3 RB 200 60 5 12 113 94.0 8 C  
  B4-(0-23) 4 RB 200 60 5 12 113 94.0 8 C  
  B5-(0-23) 5 RB 200 60 5 12 113 94.0 8 C   
  B1-(1.5-40) A6 RB 200 60 5 12 113 94.0 8 C 40 1080 Ca(OH)2+KOH,pH=12.9 
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  B2-(1.5-40) A7 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B3-(1.5-40) A8 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B4-(1.5-40) A9 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B5-(1.5-40) A10 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B1-(1.5-50) A21 RB 200 60 5 12 113 94.0 8 C 
50 1080 
Ca(OH)2+KOH,pH=12.9 
  B2-(1.5-50) A22 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B3-(1.5-50) A23 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B4-(1.5-50) A24 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B5-(1.5-50) A25 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B1-(1.5-60) A36 RB 200 60 5 12 113 94.0 8 C 
60 1080 
Ca(OH)2+KOH,pH=12.9 
  B2-(1.5-60) A37 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B3-(1.5-60) A38 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B4-(1.5-60) A39 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B5-(1.5-60) A40 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B1-(3-40) A11 RB 200 60 5 12 113 94.0 8 C 
40 2160 
Ca(OH)2+KOH,pH=12.9 
  B2-(3-40) A12 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B3-(3-40) A13 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B4-(3-40) A14 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B5-(3-40) A15 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B1-(3-50) A26 RB 200 60 5 12 113 94.0 8 C 
50 2160 
Ca(OH)2+KOH,pH=12.9 
  B2-(3-50) A27 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B3-(3-50) A28 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B4-(3-50) A29 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B5-(3-50) A30 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B1-(3-60) A41 RB 200 60 5 12 113 94.0 8 C 
60 2160 
Ca(OH)2+KOH,pH=12.9 
  B2-(3-60) A42 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B3-(3-60) A43 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B4-(3-60) A44 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B5-(3-60) A45 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B1-(6-40) A16 RB 200 60 5 12 113 94.0 8 C 40 4320 Ca(OH)2+KOH,pH=12.9 
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  B2-(6-40) A17 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B3-(6-40) A18 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B4-(6-40) A19 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B5-(6-40) A20 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B1-(6-50) A31 RB 200 60 5 12 113 94.0 8 C 
50 4320 
Ca(OH)2+KOH,pH=12.9 
  B2-(6-50) A32 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B3-(6-50) A33 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B4-(6-50) A34 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B5-(6-50) A35 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B1-(6-60) A46 RB 200 60 5 12 113 94.0 8 C 
60 4320 
Ca(OH)2+KOH,pH=12.9 
  B2-(6-60) A47 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B3-(6-60) A48 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B4-(6-60) A49 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
  B5-(6-60) A50 RB 200 60 5 12 113 94.0 8 C Ca(OH)2+KOH,pH=12.9 
                
Yan et al. (2016) 
M2-A-3.0-1 A1 HS 127 64 5 13 127 38.1 3 E  
0 
 
M2-A-3.0-2 A2 HS 127 64 5 13 127 38.1 3 E   
  M2-A-3.0-3 A3 HS 127 64 5 13 127 38.1 3 E   
  M3-A-4.5-1 B1 HS 127 64 5 13 127 57.2 5 C  
0 
 
  M3-A-4.5-2 B2 HS 127 64 5 13 127 57.2 5 C   
  M3-A-4.5-3 B3 HS 127 64 5 13 127 57.2 5 C   
  M2-C-3.0-1 A4 HS 127 64 5 13 127 38.1 3 E 90 
2160 
Alkaline & Saline pH=12.5 
  M2-C-3.0-2 A5 HS 127 64 5 13 127 38.1 3 E 90 Alkaline & Saline pH=12.5 
  M2-C-3.0-3 A6 HS 127 64 5 13 127 38.1 3 E 90 Alkaline & Saline pH=12.5 
  M3-C-4.5-1 B4 HS 127 64 5 13 127 57.2 5 C 90 
2160 
Alkaline & Saline pH=12.5 
  M3-C-4.5-2 B5 HS 127 64 5 13 127 57.2 5 C 90 Alkaline & Saline pH=12.5 
  M3-C-4.5-3 B6 HS 127 64 5 13 127 57.2 5 C 90 Alkaline & Saline pH=12.5 
                
Dong et al. 
(2018) 
BV-Contorl A1 H 150 40 5 8 50 71.0 9 C    
 A2 H 150 40 5 8 50 71.0 9 C    
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   A3 H 150 40 5 8 50 71.0 9 C    
  BV-15 A4 H 150 40 5 8 50 
71.0 
9 C 40 420 
Pre-
conditionedAlklaine=12.5 
   A5 H 150 40 5 8 50 
71.0 
9 C 40 420 
Pre-
conditionedAlklaine=12.5 
   A6 H 150 40 5 8 50 
71.0 
9 C 40 420 
Pre-
conditionedAlklaine=12.5 
  BV-30 A7 H 150 40 5 8 50 
71.0 
9 C 40 840 
Pre-
conditionedAlklaine=12.5 
   A8 H 150 40 5 8 50 
71.0 
9 C 40 840 
Pre-
conditionedAlklaine=12.5 
   A9 H 150 40 5 8 50 
71.0 
9 C 40 840 
Pre-
conditionedAlklaine=12.5 
  BV-45 A10 H 150 40 5 8 50 
71.0 
9 C 40 1260 
Pre-
conditionedAlklaine=12.5 
   A11 H 150 40 5 8 50 
71.0 
9 C 40 1260 
Pre-
conditionedAlklaine=12.5 
   A12 H 150 40 5 8 50 
71.0 
9 C 40 1260 
Pre-
conditionedAlklaine=12.5 
  GV-Control B1 H 150 40 5 8 50 71.0 9 C    
   B2 H 150 40 5 8 50 71.0 9 C    
   B3 H 150 40 5 8 50 71.0 9 C    
  GV-15 B4 H 150 40 5 8 50 
71.0 
9 C 40 420 
Pre-
conditionedAlklaine=12.5 
   B5 H 150 40 5 8 50 
71.0 
9 C 40 420 
Pre-
conditionedAlklaine=12.5 
   B6 H 150 40 5 8 50 
71.0 
9 C 40 420 
Pre-
conditionedAlklaine=12.5 
  GV-30 B7 H 150 40 5 8 50 
71.0 
9 C 40 840 
Pre-
conditionedAlklaine=12.5 
   B8 H 150 40 5 8 50 
71.0 
9 C 40 840 
Pre-
conditionedAlklaine=12.5 
   B9 H 150 40 5 8 50 
71.0 
9 C 40 840 
Pre-
conditionedAlklaine=12.5 
  GV-45 B10 H 150 40 5 8 50 
71.0 
9 C 40 1260 
Pre-
conditionedAlklaine=12.5 
   B11 H 150 40 5 8 50 
71.0 
9 C 40 1260 
Pre-
conditionedAlklaine=12.5 
   B12 H 150 40 5 8 50 
71.0 
9 C 40 1260 
Pre-
conditionedAlklaine=12.5 
  BE-Control C1 H 150 40 5 8 50 71.0 9 C    
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   C2 H 150 40 5 8 50 71.0 9 C    
   C3 H 150 40 5 8 50 71.0 9 C    
  BE-15 C4 H 150 40 5 8 50 
71.0 
9 C 40 420 
Pre-
conditionedAlklaine=12.5 
   C5 H 150 40 5 8 50 
71.0 
9 C 40 420 
Pre-
conditionedAlklaine=12.5 
   C6 H 150 40 5 8 50 
71.0 
9 C 40 420 
Pre-
conditionedAlklaine=12.5 
  BE-30 C7 H 150 40 5 8 50 
71.0 
9 C 40 840 
Pre-
conditionedAlklaine=12.5 
   C8 H 150 40 5 8 50 
71.0 
9 C 40 840 
Pre-
conditionedAlklaine=12.5 
   C9 H 150 40 5 8 50 
71.0 
9 C 40 840 
Pre-
conditionedAlklaine=12.5 
  BE-45 C10 H 150 40 5 8 50 
71.0 
9 C 40 1260 
Pre-
conditionedAlklaine=12.5 
   C11 H 150 40 5 8 50 
71.0 
9 C 40 1260 
Pre-
conditionedAlklaine=12.5 
   C12 H 150 40 5 8 50 
71.0 
9 C 40 1260 
Pre-
conditionedAlklaine=12.5 
  CE-Control D1 H 150 40 5 8 50 71.0 9 C    
   D2 H 150 40 5 8 50 71.0 9 C    
   D3 H 150 40 5 8 50 71.0 9 C    
  CE-15 D4 H 150 40 5 8 50 
71.0 
9 C 40 420 
Pre-
conditionedAlklaine=12.5 
   D5 H 150 40 5 8 50 
71.0 
9 C 40 420 
Pre-
conditionedAlklaine=12.5 
   D6 H 150 40 5 8 50 
71.0 
9 C 40 420 
Pre-
conditionedAlklaine=12.5 
  CE-30 D7 H 150 40 5 8 50 
71.0 
9 C 40 840 
Pre-
conditionedAlklaine=12.5 
   D8 H 150 40 5 8 50 
71.0 
9 C 40 840 
Pre-
conditionedAlklaine=12.5 
   D9 H 150 40 5 8 50 
71.0 
9 C 40 840 
Pre-
conditionedAlklaine=12.5 
  CE-45 D10 H 150 40 5 8 50 
71.0 
9 C 40 1260 
Pre-
conditionedAlklaine=12.5 
   D11 H 150 40 5 8 50 
71.0 
9 C 40 1260 
Pre-
conditionedAlklaine=12.5 
      D12 H 150 40 5 8 50 
71.0 
9 C 40 1260 
Pre-
conditionedAlklaine=12.5 
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3.14.1.3 Saline 
Reference 
and other 
details 
Specimen ID 
Cod
e 
Bar 
textur
ea 
Geometry 
Test 
type
b 
Conditioning/exposure 
    
Cyle
s 
Temperatu
re 
 (°C) 
Duratio
n  
(hrs) 
Test 
Condtiion 
D 
(mm
) 
Lb 
(mm
) 
Lb/Dfr
p 
Dfrp 
(mm
) 
Afrp 
(mm2) 
C 
(mm
) 
C/Dfr
p 
                 
Al-Zahrani 
et al. (2002) 
Control A1 RB 150 50 5 10 
78.53981
6 
70.0 7.0 C     
 A2 RB 150 50 5 10 
78.53981
6 
70.0 7.0 C  60 2016  
   A3 RB 150 50 5 10 
78.53981
6 
70.0 7.0 C  60 4032  
                 
Zhou et al. 
(2012) 
GC-30 A1 H 75 64.0 4 16 201.1 29.5 1.8 C  20 720  
GC-60 A2 H 75 64.0 4 16 201.1 29.5 1.8 C  20 1440  
  GC-90 A3 H 75 64.0 4 16 201.1 29.5 1.8 C  20 2160  
  GS-30 A4 H 75 64.0 4 16 201.1 29.5 1.8 C  20 720 7% Salt/NACL 
  GS-60 A5 H 75 64.0 4 16 201.1 29.5 1.8 C  20 1440 7% Salt/NACL 
  GS-90 A6 H 75 64.0 4 16 201.1 29.5 1.8 C  20 2160 7% Salt/NACL 
                 
Won et al. 
(2013) 
GC A1 H 150 30.0 5 6 28.3 72.0 12.0 C     
HAC B1 B 150 20.0 5 4 12.6 73.0 18.3 C     
  HBC  C1 B 150 20.0 5 4 12.6 73.0 18.3 C     
  HCC  D1 B 150 20.0 5 4 12.6 73.0 18.3 C     
  G-1 A2 H 150 30.0 5 6 28.3 72.0 12.0 C  60 1200 3% NaCl 
  G-2 A3 H 150 30.0 5 6 28.3 72.0 12.0 C  20 1200 10% NaSo4 
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  G-3 A4 H 150 30.0 5 6 28.3 72.0 12.0 C  20 1200 4% Calcl2 
  HA-1 B2 B 150 20.0 5 4 12.6 73.0 18.3 C  60 1200 3% NaCl 
  HA-2 B3 B 150 20.0 5 4 12.6 73.0 18.3 C  20 1200 10% NaSo4 
  HA-3 B4 B 150 20.0 5 4 12.6 73.0 18.3 C  20 1200 4% Calcl2 
  HB-1 C2 B 150 20.0 5 4 12.6 73.0 18.3 C  60 1200 3% NaCl 
  HB-2 C3 B 150 20.0 5 4 12.6 73.0 18.3 C  20 1200 10% NaSo4 
  HB-3 C4 B 150 20.0 5 4 12.6 73.0 18.3 C  20 1200 4% Calcl2 
  HC-1 D2 B 150 20.0 5 4 12.6 73.0 18.3 C  60 1200 3% NaCl 
  HC-2 D3 B 150 20.0 5 4 12.6 73.0 18.3 C  20 1200 10% NaSo4 
  HC-3 D4 B 150 20.0 5 4 12.6 73.0 18.3 C  20 1200 4% Calcl2 
                 
El Refai et 
al. (2014) 
B1C-1 A1 H 200 60.0 5 12 113.1 94.0 7.8 C     
B1C-2 A2 H 200 60.0 5 12 113.1 94.0 7.8 C     
  B1C-3 A3 H 200 60.0 5 12 113.1 94.0 7.8 C     
  B2C-1 B1 IS 200 60.0 5 12 113.1 94.0 7.8 C     
  B2C-2 B2 IS 200 60.0 5 12 113.1 94.0 7.8 C     
  B2C-3 B3 IS 200 60.0 5 12 113.1 94.0 7.8 C     
  B2C-4 B4 IS 200 60.0 5 12 113.1 94.0 7.8 C     
  B2C-5 B5 IS 200 60.0 5 12 113.1 94.0 7.8 C     
  GC-1 C1 RB 200 60.0 5 12 113.1 94.0 7.8 C     
  GC-2 C2 RB 200 60.0 5 12 113.1 94.0 7.8 C     
  GC-3 C3 RB 200 60.0 5 12 113.1 94.0 7.8 C     
  B1S-90-1 A4 H 200 60.0 5 12 113.1 94.0 7.8 C  60 2160 
3% 
Na2So4+NaCl 
  B1S-90-2 A5 H 200 60.0 5 12 113.1 94.0 7.8 C  60 2160 
3% 
Na2So4+NaCl 
  B1S-90-3 A6 H 200 60.0 5 12 113.1 94.0 7.8 C  60 2160 
3% 
Na2So4+NaCl 
  B2S-90-1 B6 IS 200 60.0 5 12 113.1 94.0 7.8 C  60 2160 
3% 
Na2So4+NaCl 
  B2S-90-2 B7 IS 200 60.0 5 12 113.1 94.0 7.8 C  60 2160 
3% 
Na2So4+NaCl 
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  B2S-90-3 B8 IS 200 60.0 5 12 113.1 94.0 7.8 C  60 2160 
3% 
Na2So4+NaCl 
  GS-90-1 C4 RB 200 60.0 5 12 113.1 94.0 7.8 C  60 2160 
3% 
Na2So4+NaCl 
  GS-90-2 C5 RB 200 60.0 5 12 113.1 94.0 7.8 C  60 2160 
3% 
Na2So4+NaCl 
  GS-90-3 C6 RB 200 60.0 5 12 113.1 94.0 7.8 C  60 2160 
3% 
Na2So4+NaCl 
                 
                 
Abedi 
(2014) 
Lab 1 A1 I 200 80.0 5 16 201.1 92.0 5.8 C     
Lab 2 A2 I 200 80.0 5 16 201.1 92.0 5.8 C     
  Salt 30-1 A3 I 200 80.0 5 16 201.1 92.0 5.8 C  20 720 4% Salt 
  Salt 30-2 A4 I 200 80.0 5 16 201.1 92.0 5.8 C  20 720 4% Salt 
  Salt 60-1 A5 I 200 80.0 5 16 201.1 92.0 5.8 C  20 1440 4% Salt 
  Salt 60-2 A6 I 200 80.0 5 16 201.1 92.0 5.8 C  20 1440 4% Salt 
  Salt 90-1 A7 I 200 80.0 5 16 201.1 92.0 5.8 C  20 2160 4% Salt 
  Salt 90-2 A8 I 200 80.0 5 16 201.1 92.0 5.8 C  20 2160 4% Salt 
                 
                 
Al- 
Tamimia et 
al. (2014) 
Lab1 A1 RB 200 65.0 5 13 132.7 93.5 7.2 C     
Lab2 A2 RB 200 65.0 5 13 132.7 93.5 7.2 C     
Water 1 A3 RB 200 65.0 5 13 132.7 93.5 7.2 C  20 1140 Salt 
  Water 2 A4 RB 200 65.0 5 13 132.7 93.5 7.2 C  20 2160 Salt 
                 
                 
Altalmas et 
al. (2015) 
BC-1 A1 IS 200 60.0 5 12 113.1 94.0 7.8 C  20 0  
BC-2 A2 IS 200 60.0 5 12 113.1 94.0 7.8 C  20 0  
  BC-3 A3 IS 200 60.0 5 12 113.1 94.0 7.8 C  20 0  
  BC-4 A4 IS 200 60.0 5 12 113.1 94.0 7.8 C  20 0  
  BC-5 A5 IS 200 60.0 5 12 113.1 94.0 7.8 C  20 0  
  GC-1 B1 I 200 60.0 5 12 113.1 94.0 7.8 C  20 0  
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  GC-2 B2 I 200 60.0 5 12 113.1 94.0 7.8 C  20 0  
  GC-3 B3 I 200 60.0 5 12 113.1 94.0 7.8 C  20 0  
  BS-30-1 A6 IS 200 60.0 5 12 113.1 94.0 7.8 C  60 720 
3% 
Na2So4+NaCl 
  BS-30-2 A7 IS 200 60.0 5 12 113.1 94.0 7.8 C  60 720 
3% 
Na2So4+NaCl 
  BS-30-3 A8 IS 200 60.0 5 12 113.1 94.0 7.8 C  60 720 
3% 
Na2So4+NaCl 
  GS-30-1 B4 I 200 60.0 5 12 113.1 94.0 7.8 C  60 720 
3% 
Na2So4+NaCl 
  GS-30-2 B5 I 200 60.0 5 12 113.1 94.0 7.8 C  60 720 
3% 
Na2So4+NaCl 
  GS-30-3 B6 I 200 60.0 5 12 113.1 94.0 7.8 C  60 720 
3% 
Na2So4+NaCl 
  BS-60-1 A9 IS 200 60.0 5 12 113.1 94.0 7.8 C  60 1440 
3% 
Na2So4+NaCl 
  BS-60-2 A10 IS 200 60.0 5 12 113.1 94.0 7.8 C  60 1440 
3% 
Na2So4+NaCl 
  BS-60-3 A11 IS 200 60.0 5 12 113.1 94.0 7.8 C  60 1440 
3% 
Na2So4+NaCl 
  GS-60-1 B7 I 200 60.0 5 12 113.1 94.0 7.8 C  60 1440 
3% 
Na2So4+NaCl 
  GS-60-2 B8 I 200 60.0 5 12 113.1 94.0 7.8 C  60 1440 
3% 
Na2So4+NaCl 
  GS-60-3 B9 I 200 60.0 5 12 113.1 94.0 7.8 C  60 1440 
3% 
Na2So4+NaCl 
                 
                 
Dong et al. 
(2016a) 
BV-Control A1 H 100 40.0 5 8 50.3 46.0 5.8 C  - 0  
 A2 H 100 40.0 5 8 50.3 46.0 5.8 C  - 0  
 A3 H 100 40.0 5 8 50.3 46.0 5.8 C  - 0  
  BV-25-30 A4 H 100 40.0 5 8 50.3 46.0 5.8 C  25 720 3% Salt 
   A5 H 100 40.0 5 8 50.3 46.0 5.8 C  25 720 3% Salt 
   A6 H 100 40.0 5 8 50.3 46.0 5.8 C  25 720 3% Salt 
  BV-25-45 A7 H 100 40.0 5 8 50.3 46.0 5.8 C  25 1080 3% Salt 
   A8 H 100 40.0 5 8 50.3 46.0 5.8 C  25 1080 3% Salt 
   A9 H 100 40.0 5 8 50.3 46.0 5.8 C  25 1080 3% Salt 
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  BV-25-60 A10 H 100 40.0 5 8 50.3 46.0 5.8 C  25 1440 3% Salt 
   A11 H 100 40.0 5 8 50.3 46.0 5.8 C  25 1440 3% Salt 
   A12 H 100 40.0 5 8 50.3 46.0 5.8 C  25 1440 3% Salt 
  BV-40-15 A13 H 100 40.0 5 8 50.3 46.0 5.8 C  40 360 3% Salt 
   A14 H 100 40.0 5 8 50.3 46.0 5.8 C  40 360 3% Salt 
   A15 H 100 40.0 5 8 50.3 46.0 5.8 C  40 360 3% Salt 
  BV-40-30 A16 H 100 40.0 5 8 50.3 46.0 5.8 C  40 720 3% Salt 
   A17 H 100 40.0 5 8 50.3 46.0 5.8 C  40 720 3% Salt 
   A18 H 100 40.0 5 8 50.3 46.0 5.8 C  40 720 3% Salt 
  BV-40-45 A19 H 100 40.0 5 8 50.3 46.0 5.8 C  40 1080 3% Salt 
   A20 H 100 40.0 5 8 50.3 46.0 5.8 C  40 1080 3% Salt 
   A21 H 100 40.0 5 8 50.3 46.0 5.8 C  40 1080 3% Salt 
  BV-40-60 A22 H 100 40.0 5 8 50.3 46.0 5.8 C  40 1440 3% Salt 
   A23 H 100 40.0 5 8 50.3 46.0 5.8 C  40 1440 3% Salt 
   A24 H 100 40.0 5 8 50.3 46.0 5.8 C  40 1440 3% Salt 
  BV-55-30 A25 H 100 40.0 5 8 50.3 46.0 5.8 C  55 720 3% Salt 
   A26 H 100 40.0 5 8 50.3 46.0 5.8 C  55 720 3% Salt 
   A27 H 100 40.0 5 8 50.3 46.0 5.8 C  55 720 3% Salt 
  BV-55-45 A28 H 100 40.0 5 8 50.3 46.0 5.8 C  55 1080 3% Salt 
   A29 H 100 40.0 5 8 50.3 46.0 5.8 C  55 1080 3% Salt 
   A30 H 100 40.0 5 8 50.3 46.0 5.8 C  55 1080 3% Salt 
  BV-55-60 A31 H 100 40.0 5 8 50.3 46.0 5.8 C  55 1440 3% Salt 
   A32 H 100 40.0 5 8 50.3 46.0 5.8 C  55 1440 3% Salt 
   A33 H 100 40.0 5 8 50.3 46.0 5.8 C  55 1440 3% Salt 
  BVS-Control B1 HS 100 40.0 5 8 50.3 46.0 5.8 C  20 0  
   B2 HS 100 40.0 5 8 50.3 46.0 5.8 C  20 0  
   B3 HS 100 40.0 5 8 50.3 46.0 5.8 C  20 0  
  BVS-40-15 B4 HS 100 40.0 5 8 50.3 46.0 5.8 C  40 360 3% Salt 
   B5 HS 100 40.0 5 8 50.3 46.0 5.8 C  40 360 3% Salt 
   B6 HS 100 40.0 5 8 50.3 46.0 5.8 C  40 360 3% Salt 
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  BVS-40-30 B7 HS 100 40.0 5 8 50.3 46.0 5.8 C  40 720 3% Salt 
   B8 HS 100 40.0 5 8 50.3 46.0 5.8 C  40 720 3% Salt 
   B9 HS 100 40.0 5 8 50.3 46.0 5.8 C  40 720 3% Salt 
  BVS-40-45 B10 HS 100 40.0 5 8 50.3 46.0 5.8 C  40 1080 3% Salt 
   B11 HS 100 40.0 5 8 50.3 46.0 5.8 C  40 1080 3% Salt 
   B12 HS 100 40.0 5 8 50.3 46.0 5.8 C  40 1080 3% Salt 
  BVS-40-60 B13 HS 100 40.0 5 8 50.3 46.0 5.8 C  40 1440 3% Salt 
   B14 HS 100 40.0 5 8 50.3 46.0 5.8 C  40 1440 3% Salt 
   B15 HS 100 40.0 5 8 50.3 46.0 5.8 C  40 1440 3% Salt 
  BE-Control C1 H 100 40.0 5 8 50.3 46.0 5.8 C  20 0  
   C2 H 100 40.0 5 8 50.3 46.0 5.8 C  20 0  
   C3 H 100 40.0 5 8 50.3 46.0 5.8 C  20 0  
  BE-40-15 C4 H 100 40.0 5 8 50.3 46.0 5.8 C  40 360 3% Salt 
   C5 H 100 40.0 5 8 50.3 46.0 5.8 C  40 360 3% Salt 
   C6 H 100 40.0 5 8 50.3 46.0 5.8 C  40 360 3% Salt 
  BE-40-30 C7 H 100 40.0 5 8 50.3 46.0 5.8 C  40 720 3% Salt 
   C8 H 100 40.0 5 8 50.3 46.0 5.8 C  40 720 3% Salt 
   C9 H 100 40.0 5 8 50.3 46.0 5.8 C  40 720 3% Salt 
  BE-40-45 C10 H 100 40.0 5 8 50.3 46.0 5.8 C  40 1080 3% Salt 
   C11 H 100 40.0 5 8 50.3 46.0 5.8 C  40 1080 3% Salt 
   C12 H 100 40.0 5 8 50.3 46.0 5.8 C  40 1080 3% Salt 
  BE-40-60 C13 H 100 40.0 5 8 50.3 46.0 5.8 C  40 1440 3% Salt 
   C14 H 100 40.0 5 8 50.3 46.0 5.8 C  40 1440 3% Salt 
   C15 H 100 40.0 5 8 50.3 46.0 5.8 C  40 1440 3% Salt 
  GV-Control D1 H 100 40.0 5 8 50.3 46.0 5.8 C  20 0  
   D2 H 100 40.0 5 8 50.3 46.0 5.8 C  20 0  
   D3 H 100 40.0 5 8 50.3 46.0 5.8 C  20 0  
  GV-40-15 D4 H 100 40.0 5 8 50.3 46.0 5.8 C  40 360 3% Salt 
   D5 H 100 40.0 5 8 50.3 46.0 5.8 C  40 360 3% Salt 
   D6 H 100 40.0 5 8 50.3 46.0 5.8 C  40 360 3% Salt 
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  GV-40-30 D7 H 100 40.0 5 8 50.3 46.0 5.8 C  40 720 3% Salt 
   D8 H 100 40.0 5 8 50.3 46.0 5.8 C  40 720 3% Salt 
   D9 H 100 40.0 5 8 50.3 46.0 5.8 C  40 720 3% Salt 
  GV-40-45 D10 H 100 40.0 5 8 50.3 46.0 5.8 C  40 1080 3% Salt 
   D11 H 100 40.0 5 8 50.3 46.0 5.8 C  40 1080 3% Salt 
   D12 H 100 40.0 5 8 50.3 46.0 5.8 C  40 1080 3% Salt 
  GV-40-60 D13 H 100 40.0 5 8 50.3 46.0 5.8 C  40 1440 3% Salt 
   D14 H 100 40.0 5 8 50.3 46.0 5.8 C  40 1440 3% Salt 
   D15 H 100 40.0 5 8 50.3 46.0 5.8 C  40 1440 3% Salt 
  CE-Control 1 H 100 40.0 5 8 50.3 46.0 5.8 C   0  
   2 H 100 40.0 5 8 50.3 46.0 5.8 C   0  
   3 H 100 40.0 5 8 50.3 46.0 5.8 C   0  
  CE-25-30 E4 H 100 40.0 5 8 50.3 46.0 5.8 C  25 720 3% Salt 
   E5 H 100 40.0 5 8 50.3 46.0 5.8 C  25 720 3% Salt 
   E6 H 100 40.0 5 8 50.3 46.0 5.8 C  25 720 3% Salt 
  CE-25-45 E7 H 100 40.0 5 8 50.3 46.0 5.8 C  25 1080 3% Salt 
   E8 H 100 40.0 5 8 50.3 46.0 5.8 C  25 1080 3% Salt 
   E9 H 100 40.0 5 8 50.3 46.0 5.8 C  25 1080 3% Salt 
  CE-40-15 E10 H 100 40.0 5 8 50.3 46.0 5.8 C  40 360 3% Salt 
   E11 H 100 40.0 5 8 50.3 46.0 5.8 C  40 360 3% Salt 
   E12 H 100 40.0 5 8 50.3 46.0 5.8 C  40 360 3% Salt 
  CE-40-30 E13 H 100 40.0 5 8 50.3 46.0 5.8 C  40 720 3% Salt 
   E14 H 100 40.0 5 8 50.3 46.0 5.8 C  40 720 3% Salt 
   E15 H 100 40.0 5 8 50.3 46.0 5.8 C  40 720 3% Salt 
  CE-40-45 E16 H 100 40.0 5 8 50.3 46.0 5.8 C  40 1080 3% Salt 
   E17 H 100 40.0 5 8 50.3 46.0 5.8 C  40 1080 3% Salt 
   E18 H 100 40.0 5 8 50.3 46.0 5.8 C  40 1080 3% Salt 
  CE-55-30 E19 H 100 40.0 5 8 50.3 46.0 5.8 C  55 720 3% Salt 
   E20 H 100 40.0 5 8 50.3 46.0 5.8 C  55 720 3% Salt 
   E21 H 100 40.0 5 8 50.3 46.0 5.8 C  55 720 3% Salt 
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  CE-55-45 E22 H 100 40.0 5 8 50.3 46.0 5.8 C  55 1080 3% Salt 
   E23 H 100 40.0 5 8 50.3 46.0 5.8 C  55 1080 3% Salt 
   E24 H 100 40.0 5 8 50.3 46.0 5.8 C  55 1080 3% Salt 
                 
Dong et al. 
(2016b) 
B30-S-2 A1 H 100 48 3.84 12.5 122.7 43.8 3.5 C  40 0  
 A2 H 100 48 3.84 12.5 122.7 43.8 3.5 C  40 840  
 A3 H 100 48 3.84 12.5 122.7 43.8 3.5 C  40 1440  
   A4 H 100 48 3.84 12.5 122.7 43.8 3.5 C  40 2160  
  B30-R-1 B1 H 100 48 3.84 12.5 122.7 43.8 3.5 C 0 20 0  
   B2 H 100 48 3.84 12.5 122.7 43.8 3.5 C 70 20 840  
   B3 H 100 48 3.84 12.5 122.7 43.8 3.5 C 120 20 1440  
   B4 H 100 48 3.84 12.5 122.7 43.8 3.5 C 180 20 2160  
                 
Dong et al. 
(2016c) 
SFBC-REF A1 H 100 48 3.84 12.5 122.7 43.8 3.5 C     
 A2 H 100 48 3.84 12.5 122.7 43.8 3.5 C     
   A3 H 100 48 3.84 12.5 122.7 43.8 3.5 C     
  SFBC-30 A4 H 100 48 3.84 12.5 122.7 43.8 3.5 C 70 20 840 
 wet/dry in 5% 
salt 
   A5 H 100 48 3.84 12.5 122.7 43.8 3.5 C 70 20 840 
 wet/dry in 5% 
salt 
   A6 H 100 48 3.84 12.5 122.7 43.8 3.5 C 70 20 840 
 wet/dry in 5% 
salt 
  SFBC-60 A7 H 100 48 3.84 12.5 122.7 43.8 3.5 C 120 20 1440 
 wet/dry in 5% 
salt 
   A8 H 100 48 3.84 12.5 122.7 43.8 3.5 C 120 20 1440 
 wet/dry in 5% 
salt 
   A9 H 100 48 3.84 12.5 122.7 43.8 3.5 C 120 20 1440 
 wet/dry in 5% 
salt 
  SFBC-90 A10 H 100 48 3.84 12.5 122.7 43.8 3.5 C 180 20 2160 
 wet/dry in 5% 
salt 
   A11 H 100 48 3.84 12.5 122.7 43.8 3.5 C 180 20 2160 
 wet/dry in 5% 
salt 
   A12 H 100 48 3.84 12.5 122.7 43.8 3.5 C 180 20 2160 
 wet/dry in 5% 
salt 
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Yan et al. 
(2017) 
PC0.0-Control-1 A1 HS 127 63.5 5 12.7 126.7 57.2 4.5 C     
  PC0.0-Control-2 A2 HS 127 63.5 5 12.7 126.7 57.2 4.5 C     
  PC0.0-Control-3 A3 HS 127 63.5 5 12.7 126.7 57.2 4.5 C     
  PC0.0-50-30-1 A4 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 720 3% NaCl 
  PC0.0-50-30-2 A5 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 720 3% NaCl 
  PC0.0-50-30-3 A6 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 720 3% NaCl 
  PC0.0-50-45-1 A7 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1080 3% NaCl 
  PC0.0-50-45-2 A8 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1080 3% NaCl 
  PC0.0-50-45-3 A9 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1080 3% NaCl 
  PC0.0-50-60-1 A10 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1440 3% NaCl 
  PC0.0-50-60-2 A11 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1440 3% NaCl 
  PC0.0-50-60-3 A12 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1440 3% NaCl 
  PC0.0-70-30-1 A13 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  70 720 3% NaCl 
  PC0.0-70-30-2 A14 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  70 720 3% NaCl 
  PC0.0-70-30-3 A15 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  70 720 3% NaCl 
  PC0.0-70-45-1 A16 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  70 1080 3% NaCl 
  PC0.0-70-45-2 A17 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  70 1080 3% NaCl 
  PC0.0-70-45-3 A18 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  70 1080 3% NaCl 
  PC0.0-70-60-1 A19 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  70 1440 3% NaCl 
  PC0.0-70-60-2 A20 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  70 1440 3% NaCl 
  PC0.0-70-60-3 A21 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  70 1440 3% NaCl 
                 
  steel0.5-
Control-1 
B1 HS 127 63.5 5 12.7 126.7 57.2 4.5 C     
  steel0.5-
Control-2 
B2 HS 127 63.5 5 12.7 126.7 57.2 4.5 C     
  steel0.5-
Control-3 
B3 HS 127 63.5 5 12.7 126.7 57.2 4.5 C     
  steel1.0-
Control-1 
B4 HS 127 63.5 5 12.7 126.7 57.2 4.5 C     
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  steel1.0-
Control-2 
B5 HS 127 63.5 5 12.7 126.7 57.2 4.5 C     
  steel1.0-
Control-3 
B6 HS 127 63.5 5 12.7 126.7 57.2 4.5 C     
  steel0.5-50-30-1 B7 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 720 3% NaCl 
  steel0.5-50-30-2 B8 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 720 3% NaCl 
  steel0.5-50-30-3 B9 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 720 3% NaCl 
  steel0.5-50-45-1 B10 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1080 3% NaCl 
  steel0.5-50-45-2 B11 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1080 3% NaCl 
  steel0.5-50-45-3 B12 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1080 3% NaCl 
  steel0.5-50-60-1 B13 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1440 3% NaCl 
  steel0.5-50-60-2 B14 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1440 3% NaCl 
  steel0.5-50-60-3 B15 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1440 3% NaCl 
  steel0.5-70-30-1 B16 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  70 720 3% NaCl 
  steel0.5-70-30-2 B17 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  70 720 3% NaCl 
  steel0.5-70-30-3 B18 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  70 720 3% NaCl 
  steel0.5-70-45-1 B19 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  70 1080 3% NaCl 
  steel0.5-70-45-2 B20 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  70 1080 3% NaCl 
  steel0.5-70-45-3 B21 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  70 1080 3% NaCl 
  steel0.5-70-60-1 B22 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  70 1440 3% NaCl 
  steel0.5-70-60-2 B23 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  70 1440 3% NaCl 
  steel0.5-70-60-3 B24 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  70 1440 3% NaCl 
  steel1.0-50-30-1 B25 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 720 3% NaCl 
  steel1.0-50-30-2 B26 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 720 3% NaCl 
  steel1.0-50-30-3 B27 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 720 3% NaCl 
  steel1.0-50-45-1 B28 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1080 3% NaCl 
  steel1.0-50-45-2 B29 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1080 3% NaCl 
  steel1.0-50-45-3 B30 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1080 3% NaCl 
  steel1.0-50-60-1 B31 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1440 3% NaCl 
  steel1.0-50-60-2 B32 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1440 3% NaCl 
  steel1.0-50-60-3 B33 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1440 3% NaCl 
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  steel1.0-70-30-1 B34 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 720 3% NaCl 
  steel1.0-70-30-2 B35 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 720 3% NaCl 
  steel1.0-70-30-3 B36 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 720 3% NaCl 
  steel1.0-70-45-1 B37 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1080 3% NaCl 
  steel1.0-70-45-2 B38 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1080 3% NaCl 
  steel1.0-70-45-3 B39 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1080 3% NaCl 
  steel1.0-70-60-1 B40 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1440 3% NaCl 
  steel1.0-70-60-2 B41 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1440 3% NaCl 
  steel1.0-70-60-3 B42 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1440 3% NaCl 
                 
  PVA0.5-
Control-1 
C1 HS 127 63.5 5 12.7 126.7 57.2 4.5 C     
  PVA0.5-
Control-2 
C2 HS 127 63.5 5 12.7 126.7 57.2 4.5 C     
  PVA0.5-
Control-3 
C3 HS 127 63.5 5 12.7 126.7 57.2 4.5 C     
  PVA1.0-
Control-1 
D1 HS 127 63.5 5 12.7 126.7 57.2 4.5 C     
  PVA1.0-
Control-2 
D2 HS 127 63.5 5 12.7 126.7 57.2 4.5 C     
  PVA1.0-
Control-3 
D3 HS 127 63.5 5 12.7 126.7 57.2 4.5 C     
  PVA0.5-50-30-
1 
C4 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 720 3% NaCl 
  PVA0.5-50-30-
2 
C5 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 720 3% NaCl 
  PVA0.5-50-30-
3 
C6 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 720 3% NaCl 
  PVA0.5-50-45-
1 
C7 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1080 3% NaCl 
  PVA0.5-50-45-
2 
C8 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1080 3% NaCl 
  PVA0.5-50-45-
3 
C9 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1080 3% NaCl 
  PVA0.5-50-60-
1 
C10 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1440 3% NaCl 
  PVA0.5-50-60-
2 
C11 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1440 3% NaCl 
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  PVA0.5-50-60-
3 
C12 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1440 3% NaCl 
  PVA0.5-70-30-
1 
C13 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  70 720 3% NaCl 
  PVA0.5-70-30-
2 
C14 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  70 720 3% NaCl 
  PVA0.5-70-30-
3 
C15 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  70 720 3% NaCl 
  PVA0.5-70-45-
1 
C16 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  70 1080 3% NaCl 
  PVA0.5-70-45-
2 
C17 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  70 1080 3% NaCl 
  PVA0.5-70-45-
3 
C18 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  70 1080 3% NaCl 
  PVA0.5-70-60-
1 
C19 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  70 1440 3% NaCl 
  PVA0.5-70-60-
2 
C20 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  70 1440 3% NaCl 
  PVA0.5-70-60-
3 
C21 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  70 1440 3% NaCl 
  PVA1.0-50-30-
1 
D4 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 720 3% NaCl 
  PVA1.0-50-30-
2 
D5 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 720 3% NaCl 
  PVA1.0-50-30-
3 
D6 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 720 3% NaCl 
  PVA1.0-50-45-
1 
D7 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1080 3% NaCl 
  PVA1.0-50-45-
2 
D8 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1080 3% NaCl 
  PVA1.0-50-45-
3 
D9 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1080 3% NaCl 
  PVA1.0-50-60-
1 
D10 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1440 3% NaCl 
  PVA1.0-50-60-
2 
D11 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1440 3% NaCl 
  PVA1.0-50-60-
3 
D12 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1440 3% NaCl 
  PVA1.0-70-30-
1 
D13 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 720 3% NaCl 
  PVA1.0-70-30-
2 
D14 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 720 3% NaCl 
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  PVA1.0-70-30-
3 
D15 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 720 3% NaCl 
  PVA1.0-70-45-
1 
D16 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1080 3% NaCl 
  PVA1.0-70-45-
2 
D17 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1080 3% NaCl 
  PVA1.0-70-45-
3 
D18 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1080 3% NaCl 
  PVA1.0-70-60-
1 
D19 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1440 3% NaCl 
  PVA1.0-70-60-
2 
D20 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1440 3% NaCl 
  PVA1.0-70-60-
3 
D21 HS 127 63.5 5 12.7 126.7 57.2 4.5 C  50 1440 3% NaCl 
                 
                 
Wang et al. 
(2018) 
G6-Control A1 H 150 48 8 6 28.3 30 5.0 C     
 A2 H 150 48 8 6 28.3 30 5.0 C     
   A3 H 150 48 8 6 28.3 30 5.0 C     
  G6-30-30 A4 H 150 48 8 6 28.3 30 5.0 C  30 720 3.5% salt 
   A5 H 150 48 8 6 28.3 30 5.0 C  30 720 3.5% salt 
   A6 H 150 48 8 6 28.3 30 5.0 C  30 720 3.5% salt 
  G6-30-60 A7 H 150 48 8 6 28.3 30 5.0 C  30 1440 3.5% salt 
   A8 H 150 48 8 6 28.3 30 5.0 C  30 1440 3.5% salt 
   A9 H 150 48 8 6 28.3 30 5.0 C  30 1440 3.5% salt 
  G6-30-120 A10 H 150 48 8 6 28.3 30 5.0 C  30 2880 3.5% salt 
   A11 H 150 48 8 6 28.3 30 5.0 C  30 2880 3.5% salt 
   A12 H 150 48 8 6 28.3 30 5.0 C  30 2880 3.5% salt 
  G6-60-30 A13 H 150 48 8 6 28.3 30 5.0 C  60 720 3.5% salt 
   A14 H 150 48 8 6 28.3 30 5.0 C  60 720 3.5% salt 
   A15 H 150 48 8 6 28.3 30 5.0 C  60 720 3.5% salt 
  G6-60-60 A16 H 150 48 8 6 28.3 30 5.0 C  60 1440 3.5% salt 
   A17 H 150 48 8 6 28.3 30 5.0 C  60 1440 3.5% salt 
   A18 H 150 48 8 6 28.3 30 5.0 C  60 1440 3.5% salt 
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  G6-60-120 A19 H 150 48 8 6 28.3 30 5.0 C  60 2880 3.5% salt 
   A20 H 150 48 8 6 28.3 30 5.0 C  60 2880 3.5% salt 
   A21 H 150 48 8 6 28.3 30 5.0 C  60 2880 3.5% salt 
  G6-80-30 A22 H 150 48 8 6 28.3 30 5.0 C  80 720 3.5% salt 
   A23 H 150 48 8 6 28.3 30 5.0 C  80 720 3.5% salt 
   A24 H 150 48 8 6 28.3 30 5.0 C  80 720 3.5% salt 
  G6-80-60 A25 H 150 48 8 6 28.3 30 5.0 C  80 1440 3.5% salt 
   A26 H 150 48 8 6 28.3 30 5.0 C  80 1440 3.5% salt 
   A27 H 150 48 8 6 28.3 30 5.0 C  80 1440 3.5% salt 
  G6-80-120 A28 H 150 48 8 6 28.3 30 5.0 C  80 2880 3.5% salt 
   A29 H 150 48 8 6 28.3 30 5.0 C  80 2880 3.5% salt 
   A30 H 150 48 8 6 28.3 30 5.0 C  80 2880 3.5% salt 
  C6-Control B1 H 150 48 8 6 28.3 30 5.0 C     
   B2 H 150 48 8 6 28.3 30 5.0 C     
   B3 H 150 48 8 6 28.3 30 5.0 C     
  C6-30-30 B4 H 150 48 8 6 28.3 30 5.0 C  30 720 3.5% salt 
   B5 H 150 48 8 6 28.3 30 5.0 C  30 720 3.5% salt 
   B6 H 150 48 8 6 28.3 30 5.0 C  30 720 3.5% salt 
  C6-30-60 B7 H 150 48 8 6 28.3 30 5.0 C  30 1440 3.5% salt 
   B8 H 150 48 8 6 28.3 30 5.0 C  30 1440 3.5% salt 
   B9 H 150 48 8 6 28.3 30 5.0 C  30 1440 3.5% salt 
  C6-30-120 B10 H 150 48 8 6 28.3 30 5.0 C  30 2880 3.5% salt 
   B11 H 150 48 8 6 28.3 30 5.0 C  30 2880 3.5% salt 
   B12 H 150 48 8 6 28.3 30 5.0 C  30 2880 3.5% salt 
  C6-60-60 B13 H 150 48 8 6 28.3 30 5.0 C  60 1440 3.5% salt 
   B14 H 150 48 8 6 28.3 30 5.0 C  60 1440 3.5% salt 
   B15 H 150 48 8 6 28.3 30 5.0 C  60 1440 3.5% salt 
  C6-60-120 B16 H 150 48 8 6 28.3 30 5.0 C  60 2880 3.5% salt 
   B17 H 150 48 8 6 28.3 30 5.0 C  60 2880 3.5% salt 
      B18 H 150 48 8 6 28.3 30 5.0 C   60 2880 3.5% salt 
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3.14.1.4 Acid 
Reference 
and other 
details 
Specimen 
ID 
Code 
Bar 
texturea 
Geometry 
Test 
typeb 
Conditioning/exposure 
    
Temperature 
(°C) 
Duration 
(hrs) 
Test Condtiion D 
(mm) 
Lb 
(mm) 
Lb/Dfrp 
Dfrp 
(mm) 
Afrp 
(mm^2) 
C 
(mm) 
c/Dfrp 
                
Al-Dulaijan 
et la. (2001) 
SGV A1 SM 150 63.5 5 12.7 127 68.7 5.4 C    
SGV-AC A2 SM 150 63.5 5 12.7 127 68.7 5.4 C 80  2.92 acetic acid 
  MGV B1 RB 150 63.5 5 12.7 127 68.7 5.4 C 
   
  MGV-AC B2 RB 150 63.5 5 12.7 127 68.7 5.4 C 80 
 2.92 acetic acid 
                
                
Zhou et al. 
(2011) 
GC-30 1 H 75 64.0 4 16 201.1 29.5 1.8 C 20 720  
GC-45 2 H 75 64.0 4 16 201.1 29.5 1.8 C 20 1080  
  GC-60 3 H 75 64.0 4 16 201.1 29.5 1.8 C 20 1440  
  GC-75 4 H 75 64.0 4 16 201.1 29.5 1.8 C 20 1800  
  GpH2-30 A2 H 75 64.0 4 16 201.1 29.5 1.8 C 20 720 HCl+H2SO4 pH=2 
  GpH2-45 A3 H 75 64.0 4 16 201.1 29.5 1.8 C 20 1080 HCl+H2SO4 pH=2 
  GpH2-60 A4 H 75 64.0 4 16 201.1 29.5 1.8 C 20 1440 HCl+H2SO4 pH=2 
  GpH2-75 A5 H 75 64.0 4 16 201.1 29.5 1.8 C 20 1800 HCl+H2SO4 pH=2 
  GpH3-30 B2 H 75 64.0 4 16 201.1 29.5 1.8 C 20 720 HCl+H2SO4 pH=3 
  GpH3-45 B3 H 75 64.0 4 16 201.1 29.5 1.8 C 20 1080 HCl+H2SO4 pH=3 
  GpH3-60 B4 H 75 64.0 4 16 201.1 29.5 1.8 C 20 1440 HCl+H2SO4 pH=3 
  GpH3-75 B5 H 75 64.0 4 16 201.1 29.5 1.8 C 20 1800 HCl+H2SO4 pH=3 
  GpH4-30 C1 H 75 64.0 4 16 201.1 29.5 1.8 C 20 720 HCl+H2SO4 pH=4 
  GpH4-45 C2 H 75 64.0 4 16 201.1 29.5 1.8 C 20 1080 HCl+H2SO4 pH=4 
  GpH4-60 C4 H 75 64.0 4 16 201.1 29.5 1.8 C 20 1440 HCl+H2SO4 pH=4 
  GpH4-75 C5 H 75 64.0 4 16 201.1 29.5 1.8 C 20 1800 HCl+H2SO4 pH=4 
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Zhou et al. 
(2012) 
GC-90 A1 H 75 64.0 4 16 201.1 29.5 1.8 C 20 2160  
GpH2-90 A2 H 75 64.0 4 16 201.1 29.5 1.8 C 20 2160 HCl+H2SO4 pH=2 
                
                
Altalmas et 
al. (2015) 
BC-1 A1 IS 200 60.0 5 12 113.1 94.0 7.8 C 20 -  
BC-2 A2 IS 200 60.0 5 12 113.1 94.0 7.8 C 20 -  
  BC-3 A3 IS 200 60.0 5 12 113.1 94.0 7.8 C 20 - 
 
  BC-4 A4 IS 200 60.0 5 12 113.1 94.0 7.8 C 20 - 
 
  BC-5 A5 IS 200 60.0 5 12 113.1 94.0 7.8 C 20 - 
 
  GC-1 B1 I 200 60.0 5 12 113.1 94.0 7.8 C 20 - 
 
  GC-2 B2 I 200 60.0 5 12 113.1 94.0 7.8 C 20 - 
 
  GC-3 B3 I 200 60.0 5 12 113.1 94.0 7.8 C 20 - 
 
  BA-30-1 A4 IS 200 60.0 5 12 113.1 94.0 7.8 C 60 720 pH=2 
  BA-30-2 A5 IS 200 60.0 5 12 113.1 94.0 7.8 C 60 720 pH=2 
  BA-30-3 A6 IS 200 60.0 5 12 113.1 94.0 7.8 C 60 720 pH=2 
  GA-30-1 B4 I 200 60.0 5 12 113.1 94.0 7.8 C 60 720 pH=2 
  GA-30-2 B5 I 200 60.0 5 12 113.1 94.0 7.8 C 60 720 pH=2 
  GA-30-3 B6 I 200 60.0 5 12 113.1 94.0 7.8 C 60 720 pH=2 
  BA-60-1 A7 IS 200 60.0 5 12 113.1 94.0 7.8 C 60 1440 pH=2 
  BA-60-2 A8 IS 200 60.0 5 12 113.1 94.0 7.8 C 60 1440 pH=2 
  BA-60-3 A9 IS 200 60.0 5 12 113.1 94.0 7.8 C 60 1440 pH=2 
  GA-60-1 B7 I 200 60.0 5 12 113.1 94.0 7.8 C 60 1440 pH=2 
  GA-60-2 B8 I 200 60.0 5 12 113.1 94.0 7.8 C 60 1440 pH=2 
  GA-60-3 B9 I 200 60.0 5 12 113.1 94.0 7.8 C 60 1440 pH=2 
  BA-90-1 A10 IS 200 60.0 5 12 113.1 94.0 7.8 C 60 2160 pH=2 
  BA-90-2 A11 IS 200 60.0 5 12 113.1 94.0 7.8 C 60 2160 pH=2 
  BA-90-3 A12 IS 200 60.0 5 12 113.1 94.0 7.8 C 60 2160 pH=2 
  GA-90-1 B10 I 200 60.0 5 12 113.1 94.0 7.8 C 60 2160 pH=2 
  GA-90-2 B11 I 200 60.0 5 12 113.1 94.0 7.8 C 60 2160 pH=2 
    GA-90-3 B12 I 200 60.0 5 12 113.1 94.0 7.8 C 60 2160 pH=2 
 
3.14.1.5 Freeze/thaw 
Specimen ID Geometryc Conditioning/exposure 
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Referenc
e and 
other 
details 
Cod
e 
Bar 
texture
a 
    
Test 
type
b 
Cyle
s 
Temperatur
e 
 (°C) 
Duratio
n 
 (hrs) 
Test 
Condtiion 
D  
(mm
) 
Lb 
(mm
) 
Lb/Dfr
p 
Dfrp 
(mm
) 
Afrp 
(mm2
) 
C 
(mm
) 
C/Dfr
p 
                 
                 
Mashima 
& Iwamoto 
1993 
G-Control A1 RB 100  4     C 0 0   
G-20 A2 RB 100  4     C 20 (-)18-4  Water 
  G-40 A3 RB 100  4     C 40 (-)18-4  Water 
  G-60 A4 RB 100  4     C 60 (-)18-4  Water 
  G-120 A5 RB 100  4     C 120 (-)18-4  Water 
  G-160 A6 RB 100  4     C 160 (-)18-4  Water 
  G-200 A7 RB 100  4     C 200 (-)18-4  Water 
  G-240 A8 RB 100  4     C 240 (-)18-4  Water 
  G-280 A9 RB 100  4     C 280 (-)18-4  Water 
  C-Control B1 H 100  4     C 0 (-)18-4   
  C-Control B2 H 100  4     C 0 (-)18-4   
  C-20 B3 H 100  4     C 20 (-)18-4  Water 
  C-20 B4 H 100  4     C 20 (-)18-4  Water 
  C-20 B5 H 100  4     C 20 (-)18-4  Water 
  C-40 B6 H 100  4     C 40 (-)18-4  Water 
  C-40 B7 H 100  4     C 40 (-)18-4  Water 
  C-40 B8 H 100  4     C 40 (-)18-4  Water 
  C-40 B9 H 100  4     C 40 (-)18-4  Water 
  C-60 B10 H 100  4     C 60 (-)18-4  Water 
  C-60 B11 H 100  4     C 60 (-)18-4  Water 
  C-60 B12 H 100  4     C 60 (-)18-4  Water 
  C-80 B13 H 100  4     C 80 (-)18-4  Water 
  C-100 B14 H 100  4     C 100 (-)18-4  Water 
  C-100 B15 H 100  4     C 100 (-)18-4  Water 
  C-120 B16 H 100  4     C 120 (-)18-4  Water 
  C-140 B17 H 100  4     C 140 (-)18-4  Water 
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  C-140 B18 H 100  4     C 140 (-)18-4  Water 
  C-140 B19 H 100  4     C 140 (-)18-4  Water 
  C-160 B20 H 100  4     C 160 (-)18-4  Water 
  C-160 B21 H 100  4     C 160 (-)18-4  Water 
  C-180 B22 H 100  4     C 180 (-)18-4  Water 
  C-180 B23 H 100  4     C 180 (-)18-4  Water 
  C200 B24 H 100  4     C 200 (-)18-4  Water 
  CC-Control C1 SC 100  4     C 0 (-)18-4   
  CC-120 C2 SC 100  4     C 120 (-)18-4  Water 
  CC-180 C3 SC 100  4     C 180 (-)18-4  Water 
  CC-240 C4 SC 100  4     C 240 (-)18-4  Water 
  CC-300 C5 SC 100  4     C 300 (-)18-4  Water 
  CC-360 C6 SC 100  4     C 360 (-)18-4  Water 
  CC-420 C7 SC 100  4     C 420 (-)18-4  Water 
  CC-600 C8 SC 100  4     C 600 (-)18-4  Water 
  V-Control D1 RB 100  4     C 0    
  V-Control D2 RB 100  4     C 0    
  V-Control D3 RB 100  4     C 0    
  V-20 D4 RB 100  4     C 20 (-)18-4  Water 
  V-20 D5 RB 100  4     C 20 (-)18-4  Water 
  V-20 D6 RB 100  4     C 20 (-)18-4  Water 
  V-40 D7 RB 100  4     C 40 (-)18-4  Water 
  V-40 D8 RB 100  4     C 40 (-)18-4  Water 
  V-60 D9 RB 100  4     C 60 (-)18-4  Water 
  V-60 D10 RB 100  4     C 60 (-)18-4  Water 
  V-60 D11 RB 100  4     C 60 (-)18-4  Water 
  V-80 D12 RB 100  4     C 80 (-)18-4  Water 
  V-80 D13 RB 100  4     C 80 (-)18-4  Water 
  V-80 D14 RB 100  4     C 80 (-)18-4  Water 
  V-100 D15 RB 100  4     C 100 (-)18-4  Water 
  V-100 D16 RB 100  4     C 100 (-)18-4  Water 
  V-140 D17 RB 100  4     C 140 (-)18-4  Water 
  V-140 D18 RB 100  4     C 140 (-)18-4  Water 
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  V-140 D19 RB 100  4     C 140 (-)18-4  Water 
  V-180 D20 RB 100  4     C 180 (-)18-4  Water 
  V-180 D21 RB 100  4     C 180 (-)18-4  Water 
  V-180 D22 RB 100  4     C 180 (-)18-4  Water 
  V-220 D23 RB 100  4     C 220 (-)18-4  Water 
  V-220 D24 RB 100  4     C 220 (-)18-4  Water 
  V-220 D25 RB 100  4     C 220 (-)18-4  Water 
  V-260 D26 RB 100  4     C 260 (-)18-4  Water 
  V-260 D27 RB 100  4     C 260 (-)18-4  Water 
  V-260 D28 RB 100  4     C 260 (-)18-4  Water 
  V-300 D29 RB 100  4     C 300 (-)18-4  Water 
  V-300 D30 RB 100  4     C 300 (-)18-4  Water 
  V-300 D31 RB 100  4     C 300 (-)18-4  Water 
  A-Control E1 RB 100  4     C 0    
  A-Control E2 RB 100  4     C 0    
  A-20 E3 RB 100  4     C 20 (-)18-4  Water 
  A-20 E4 RB 100  4     C 20 (-)18-4  Water 
  A-40 E5 RB 100  4     C 40 (-)18-4  Water 
  A-40 E6 RB 100  4     C 40 (-)18-4  Water 
  A-60 E7 RB 100  4     C 60 (-)18-4  Water 
  A-80 E8 RB 100  4     C 80 (-)18-4  Water 
  A-100 E9 RB 100  4     C 100 (-)18-4  Water 
  A-100 E10 RB 100  4     C 100 (-)18-4  Water 
  A-120 E11 RB 100  4     C 120 (-)18-4  Water 
  A-120 E12 RB 100  4     C 120 (-)18-4  Water 
  A-160 E13 RB 100  4     C 160 (-)18-4  Water 
  A-160 E14 RB 100  4     C 160 (-)18-4  Water 
  A-180 E15 RB 100  4     C 180 (-)18-4  Water 
  A-180 E16 RB 100  4     C 180 (-)18-4  Water 
  A-180 E17 RB 100  4     C 180 (-)18-4  Water 
  A-200 E18 RB 100  4     C 200 (-)18-4  Water 
  A-220 E19 RB 100  4     C 220 (-)18-4  Water 
  A-240 E20 RB 100  4     C 240 (-)18-4  Water 
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  A-240 E21 RB 100  4     C 240 (-)18-4  Water 
  A-240 E22 RB 100  4     C 240 (-)18-4  Water 
  A-260 E23 RB 100  4     C 260 (-)18-4  Water 
  A-260 E24 RB 100  4     C 260 (-)18-4  Water 
  A-280 E25 RB 100  4     C 280 (-)18-4  Water 
  A-280 E26 RB 100  4     C 280 (-)18-4  Water 
  A-300 E27 RB 100  4     C 300 (-)18-4  Water 
  A-300 E28 RB 100  4     C 300 (-)18-4  Water 
  AB-Control F1 B 100  4     C     
  AB-Control F2 B 100  4     C     
  Ab-Control F3 B 100  4     C     
  AB-60 F4 B 100  4     C 60 (-)18-4  Water 
  AB-60 F5 B 100  4     C 60 (-)18-4  Water 
  AB-60 F6 B 100  4     C 60 (-)18-4  Water 
  AB-120 F7 B 100  4     C 120 (-)18-4  Water 
  AB-120 F8 B 100  4     C 120 (-)18-4  Water 
  AB-120 F9 B 100  4     C 120 (-)18-4  Water 
  AB-180 F10 B 100  4     C 180 (-)18-4  Water 
  AB-180 F11 B 100  4     C 180 (-)18-4  Water 
  AB-180 F12 B 100  4     C 180 (-)18-4  Water 
  AB-240 F13 B 100  4     C 240 (-)18-4  Water 
  AB-240 F14 B 100  4     C 240 (-)18-4  Water 
  AB-240 F15 B 100  4     C 240 (-)18-4  Water 
  AB-300 F16 B 100  4     C 300 (-)18-4  Water 
  AB-300 F17 B 100  4     C 300 (-)18-4  Water 
  AB-300 F18 B 100  4     C 300 (-)18-4  Water 
  AB-360 F19 B 100  4     C 360 (-)18-4  Water 
  AB-360 F20 B 100  4     C 360 (-)18-4  Water 
  AB-360 F21 B 100  4     C 360 (-)18-4  Water 
  AB-420 F22 B 100  4     C 420 (-)18-4  Water 
  AB-420 F23 B 100  4     C 420 (-)18-4  Water 
  AB-420 F24 B 100  4     C 420 (-)18-4  Water 
  AB-480 F25 B 100  4     C 480 (-)18-4  Water 
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  AB-480 F26 B 100  4     C 480 (-)18-4  Water 
  AB-480 F27 B 100  4     C 480 (-)18-4  Water 
  AB-540 F28 B 100  4     C 540 (-)18-4  Water 
  AB-540 F29 B 100  4     C 540 (-)18-4  Water 
  AB-540 F30 B 100  4     C 540 (-)18-4  Water 
  AB-600 F31 B 100  4     C 600 (-)18-4  Water 
  AB-600 F32 B 100  4     C 600 (-)18-4  Water 
  AB-600 F33 B 100  4     C 600 (-)18-4  Water 
                 
Alvarez et 
al. (2007) 
C-D9.5-5d-C A1 SC 150 47.5 5 9.5 70.9 70.3 7.4 C  20 0  
C-D9.5-5d-
FT100 
A2 SC 150 47.5 5 9.5 70.9 70.3 7.4 C 100 (-)20-20 1200 70% Humidity 
  
C-D9.5-5d-
FT200 
A3 SC 150 47.5 5 9.5 70.9 70.3 7.4 C 200 (-)20-20 2400 70% Humidity 
  G-D9.5-5d-C B1 SC 150 47.5 5 9.5 70.9 70.3 7.4 C 
 20 0  
  
G-D9.5-5d-
FT100 
B2 SC 150 47.5 5 9.5 70.9 70.3 7.4 C 100 (-)20-20 1200 70% Humidity 
  
G-D9.5-5d-
FT200 
B3 SC 150 47.5 5 9.5 70.9 70.3 7.4 C 200 (-)20-20 2400 70% Humidity 
  G-D12.7-5d-C C1 SC 150 63.5 5 12.7 126.7 68.7 5.4 C 
 20 0  
  
G-D12.7-5d-
FT100 
C2 SC 150 63.5 5 12.7 126.7 68.7 5.4 C 100 (-)20-20 1200 70% Humidity 
  
G-D12.7-5d-
FT200 
C3 SC 150 63.5 5 12.7 126.7 68.7 5.4 C 200 (-)20-20 2400 70% Humidity 
  G-D15.9-5d-C D1 SC 150 79.5 5 15.9 198.6 67.1 4.2 C 
 20 0  
  
G-D15.9-5d-
FT100 
D2 SC 150 79.5 5 15.9 198.6 67.1 4.2 C 100 (-)20-20 1200 70% Humidity 
  
G-D15.9-5d-
FT200 
D3 SC 150 79.5 5 15.9 198.6 67.1 4.2 C 200 (-)20-20 2400 70% Humidity 
  G-D19.1-5d-C E1 SC 200 95.5 5 19.1 286.5 90.5 4.7 C 
 20 0  
  
G-D19.1-5d-
FT100 
E2 SC 200 95.5 5 19.1 286.5 90.5 4.7 C 100 (-)20-20 1200 70% Humidity 
  
G-D19.1-5d-
FT200 
E3 SC 200 95.5 5 19.1 286.5 90.5 4.7 C 200 (-)20-20 2400 70% Humidity 
                 
                 
Davalos et 
al. (2008) 
GFRP 1 A1 HS 150 47.5 5 9.5 70.9 70.3 7.4 C     
GFRP 1 A2 HS 150 47.5 5 9.5 70.9 70.3 7.4 C     
  GFRP 1 A3 HS 150 47.5 5 9.5 70.9 70.3 7.4 C 
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  GFRP 2 B1 HS 150 63.5 5 12.7 126.7 68.7 5.4 C 
    
  GFRP 2 B2 HS 150 63.5 5 12.7 126.7 68.7 5.4 C 
    
  GFRP 2 B3 HS 150 63.5 5 12.7 126.7 68.7 5.4 C 
    
  GFRP 3 C1 SC 150 47.5 5 9.5 70.9 70.3 7.4 C 
    
  GFRP 3 C2 SC 150 47.5 5 9.5 70.9 70.3 7.4 C 
    
  GFRP 3 C3 SC 150 47.5 5 9.5 70.9 70.3 7.4 C 
    
  CFRP D1 R 150 45.0 5 9 63.6 70.5 7.8 C 
    
  CFRP D2 R 150 45.0 5 9 63.6 70.5 7.8 C 
    
  CFRP D3 R 150 45.0 5 9 63.6 70.5 7.8 C 
    
  GFRP 1 A4 HS 150 47.5 5 9.5 70.9 70.3 7.4 C 30 (-)20-60°C 720 Air 
  GFRP 1 A5 HS 150 47.5 5 9.5 70.9 70.3 7.4 C 30 (-)20-60°C 720 Air 
  GFRP 1 A6 HS 150 47.5 5 9.5 70.9 70.3 7.4 C 30 (-)20-60°C 720 Air 
  GFRP 2 B4 HS 150 63.5 5 12.7 126.7 68.7 5.4 C 30 (-)20-60°C 720 Air 
  GFRP 2 B5 HS 150 63.5 5 12.7 126.7 68.7 5.4 C 30 (-)20-60°C 720 Air 
  GFRP 2 B6 HS 150 63.5 5 12.7 126.7 68.7 5.4 C 30 (-)20-60°C 720 Air 
  GFRP 3 C4 SC 150 47.5 5 9.5 70.9 70.3 7.4 C 30 (-)20-60°C 720 Air 
  GFRP 3 C5 SC 150 47.5 5 9.5 70.9 70.3 7.4 C 30 (-)20-60°C 720 Air 
  GFRP 3 C6 SC 150 47.5 5 9.5 70.9 70.3 7.4 C 30 (-)20-60°C 720 Air 
  CFRP D4 R 150 45.0 5 9 63.6 70.5 7.8 C 30 (-)20-60°C 720 Air 
  CFRP D5 R 150 45.0 5 9 63.6 70.5 7.8 C 30 (-)20-60°C 720 Air 
  CFRP D6 R 150 45.0 5 9 63.6 70.5 7.8 C 30 (-)20-60°C 720 Air 
  
               
Ammar 
(2014) 
B8-56-1 A1 IS 150 56.0 7 8 50.3 71.0 8.9 C 0  20  
B8-56-2 A2 IS 150 56.0 7 8 50.3 71.0 8.9 C 0  20  
  B8-56-3 A3 IS 150 56.0 7 8 50.3 71.0 8.9 C 0  20  
  B10-70-1 B1 IS 150 70.0 7 10 78.5 70.0 7.0 C 0  20  
  B10-70-2 B2 IS 150 70.0 7 10 78.5 70.0 7.0 C 0  20  
  B10-70-3 B3 IS 150 70.0 7 10 78.5 70.0 7.0 C 0  20  
  B12-84-1 C1 IS 150 84.0 7 12 113.1 69.0 5.8 C 0  20  
  B12-84-2 C2 IS 150 84.0 7 12 113.1 69.0 5.8 C 0  20  
  B12-84-3 C3 IS 150 84.0 7 12 113.1 69.0 5.8 C 0  20  
  B8-56-100-1 A4 IS 150 56.0 7 8 50.3 71.0 8.9 C 100 (-)20-10  water 
  B8-56-100-2 A5 IS 150 56.0 7 8 50.3 71.0 8.9 C 100 (-)20-10  water 
  B8-56-100-3 A6 IS 150 56.0 7 8 50.3 71.0 8.9 C 100 (-)20-10  water 
  B10-70-100-1 B4 IS 150 70.0 7 10 78.5 70.0 7.0 C 100 (-)20-10  water 
  B10-70-100-2 B5 IS 150 70.0 7 10 78.5 70.0 7.0 C 100 (-)20-10  water 
  B10-70-100-3 B6 IS 150 70.0 7 10 78.5 70.0 7.0 C 100 (-)20-10  water 
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  B12-84-100-1 C4 IS 150 84.0 7 12 113.1 69.0 5.8 C 100 (-)20-10  water 
  B12-84-100-2 C5 IS 150 84.0 7 12 113.1 69.0 5.8 C 100 (-)20-10  water 
  B12-84-100-3 C6 IS 150 84.0 7 12 113.1 69.0 5.8 C 100 (-)20-10  water 
  B8-56-200-1 A7 IS 150 56.0 7 8 50.3 71.0 8.9 C 200 (-)20-10  water 
  B8-56-200-2 A8 IS 150 56.0 7 8 50.3 71.0 8.9 C 200 (-)20-10  water 
  B8-56-200-3 A9 IS 150 56.0 7 8 50.3 71.0 8.9 C 200 (-)20-10  water 
  B10-70-200-1 B7 IS 150 70.0 7 10 78.5 70.0 7.0 C 200 (-)20-10  water 
  B10-70-200-2 B8 IS 150 70.0 7 10 78.5 70.0 7.0 C 200 (-)20-10  water 
  B10-70-200-3 B9 IS 150 70.0 7 10 78.5 70.0 7.0 C 200 (-)20-10  water 
  B12-84-200-1 C7 IS 150 84.0 7 12 113.1 69.0 5.8 C 200 (-)20-10  water 
  B12-84-200-2 C8 IS 150 84.0 7 12 113.1 69.0 5.8 C 200 (-)20-10  water 
  B12-84-200-3 C9 IS 150 84.0 7 12 113.1 69.0 5.8 C 200 (-)20-10  water 
  G10-70-1 D1 SC 150 70.0 7 10 78.5 70.0 7.0 C 0  20  
  G10-70-2 D2 SC 150 70.0 7 10 78.5 70.0 7.0 C 0  20  
  G10-70-3 D3 SC 150 70.0 7 10 78.5 70.0 7.0 C 0  20  
  G10-70-100-1 D4 SC 150 70.0 7 10 78.5 70.0 7.0 C 100 (-)20-10  water 
  G10-70-100-2 D5 SC 150 70.0 7 10 78.5 70.0 7.0 C 100 (-)20-10  water 
  G10-70-100-3 D6 SC 150 70.0 7 10 78.5 70.0 7.0 C 100 (-)20-10  water 
  G10-70-200-1 D7 SC 150 70.0 7 10 78.5 70.0 7.0 C 200 (-)20-10  water 
  G10-70-200-2 D8 SC 150 70.0 7 10 78.5 70.0 7.0 C 200 (-)20-10  water 
  G10-70-200-3 D9 SC 150 70.0 7 10 78.5 70.0 7.0 C 200 (-)20-10  water 
                 
                 
Calvet et 
al. (2015) 
CS8 A1 CS 200 31.8 5 6.35 31.7 96.8 15.2 C  20 48  
 A2 CS 200 31.8 5 6.35 31.7 96.8 15.2 C  20 48  
 A3 CS 200 31.8 5 6.35 31.7 96.8 15.2 C  20 48  
 A4 CS 200 31.8 5 6.35 31.7 96.8 15.2 C  20 48  
  
 A5 CS 200 31.8 5 6.35 31.7 96.8 15.2 C  20 48  
  CS14 B1 CS 200 63.5 5 12.7 126.7 93.7 7.4 C 
 20 48  
  
 B2 CS 200 63.5 5 12.7 126.7 93.7 7.4 C  20 48  
  
 B3 CS 200 63.5 5 12.7 126.7 93.7 7.4 C  20 48  
  
 B4 CS 200 63.5 5 12.7 126.7 93.7 7.4 C  20 48  
  
 B5 CS 200 63.5 5 12.7 126.7 93.7 7.4 C  20 48  
  CR12 C1 RB 200 47.5 5 9.5 70.9 95.3 10.0 C 
 20 48  
  
 C2 RB 200 47.5 5 9.5 70.9 95.3 10.0 C  20 48  
  
 C3 RB 200 47.5 5 9.5 70.9 95.3 10.0 C  20 48  
  
 C4 RB 200 47.5 5 9.5 70.9 95.3 10.0 C  20 48  
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 C5 RB 200 47.5 5 9.5 70.9 95.3 10.0 C  20 48  
  CDT13 D1 RB 200 47.6 5 9.52 71.2 95.2 10.0 C 
 20 48  
  
 D2 RB 200 47.6 5 9.52 71.2 95.2 10.0 C  20 48  
  
 D3 RB 200 47.6 5 9.52 71.2 95.2 10.0 C  20 48  
  
 D4 RB 200 47.6 5 9.52 71.2 95.2 10.0 C  20 48  
  CS8 A6 CS 200 31.8 5 6.35 31.7 96.8 15.2 C 
 (-) 20-20 120 air 
  
 A7 CS 200 31.8 5 6.35 31.7 96.8 15.2 C  (-) 20-20 120 air 
  
 A8 CS 200 31.8 5 6.35 31.7 96.8 15.2 C  (-) 20-20 120 air 
  
 A9 CS 200 31.8 5 6.35 31.7 96.8 15.2 C  (-) 20-20 120 air 
  
 A10 CS 200 31.8 5 6.35 31.7 96.8 15.2 C  (-) 20-20 120 air 
  CS14 B6 CS 200 63.5 5 12.7 126.7 93.7 7.4 C 
 (-) 20-20 120 air 
  
 B7 CS 200 63.5 5 12.7 126.7 93.7 7.4 C  (-) 20-20 120 air 
  
 B8 CS 200 63.5 5 12.7 126.7 93.7 7.4 C  (-) 20-20 120 air 
  
 B9 CS 200 63.5 5 12.7 126.7 93.7 7.4 C  (-) 20-20 120 air 
  
 B10 CS 200 63.5 5 12.7 126.7 93.7 7.4 C  (-) 20-20 120 air 
  CR12 C6 RB 200 47.5 5 9.5 70.9 95.3 10.0 C 
 (-) 20-20 120 air 
  
 C7 RB 200 47.5 5 9.5 70.9 95.3 10.0 C  (-) 20-20 120 air 
  
 C8 RB 200 47.5 5 9.5 70.9 95.3 10.0 C  (-) 20-20 120 air 
  
 C9 RB 200 47.5 5 9.5 70.9 95.3 10.0 C  (-) 20-20 120 air 
  
 C10 RB 200 47.5 5 9.5 70.9 95.3 10.0 C  (-) 20-20 120 air 
  CDT13 C6 RB 200 47.6 5 9.52 71.2 95.2 10.0 C 
 (-) 20-20 120 air 
  
 C7 RB 200 47.6 5 9.52 71.2 95.2 10.0 C  (-) 20-20 120 air 
  
 C8 RB 200 47.6 5 9.52 71.2 95.2 10.0 C  (-) 20-20 120 air 
  
 C9 RB 200 47.6 5 9.52 71.2 95.2 10.0 C  (-) 20-20 120 air 
  
 C10 RB 200 47.6 5 9.52 71.2 95.2 10.0 C  (-) 20-20 120 air 
                 
                 
Yan et al. 
(2016) 
M2-A-3.0-1 1 HS 127 63.5 5 12.7 126.7 38.1 3.0 E     
M2-A-3.0-2 2 HS 127 63.5 5 12.7 126.7 38.1 3.0 E     
  M2-A-3.0-3 3 HS 127 63.5 5 12.7 126.7 38.1 3.0 E 
    
  M3-A-4.5-1 1 HS 127 63.5 5 12.7 126.7 57.2 4.5 C 
    
  M3-A-4.5-2 2 HS 127 63.5 5 12.7 126.7 57.2 4.5 C 
    
  M3-A-4.5-3 3 HS 127 63.5 5 12.7 126.7 57.2 4.5 C 
    
  M2-B-3.0-1 A4 HS 127 63.5 5 12.7 126.7 38.1 3.0 E 75 (-)18 to 2 375 water 
  M2-B-3.0-2 A5 HS 127 63.5 5 12.7 126.7 38.1 3.0 E 75 (-)18 to 2 375 water 
  M3-B-4.5-1 B4 HS 127 63.5 5 12.7 126.7 57.2 4.5 C 75 (-)18 to 2 375 water 
  M3-B-4.5-2 B5 HS 127 63.5 5 12.7 126.7 57.2 4.5 C 75 (-)18 to 2 375 water 
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  M3-B-4.5-3 B6 HS 127 63.5 5 12.7 126.7 57.2 4.5 C 75 (-)18 to 2 375 water 
                 
  M2-B-3.0-1 C1 HS 127 63.5 5 12.7 126.7 38.1 3.0 E 75 (-)18 to 2 375 A/S 
  M2-B-3.0-2 C2 HS 127 63.5 5 12.7 126.7 38.1 3.0 E 75 (-)18 to 2 375 A/S 
  M2-B-3.0-3 C3 HS 127 63.5 5 12.7 126.7 38.1 3.0 E 75 (-)18 to 2 375 A/S 
  M3-B-4.5-1 C4 HS 127 63.5 5 12.7 126.7 57.2 4.5 C 75 (-)18 to 2 375 A/S 
  M3-B-4.5-2 C5 HS 127 63.5 5 12.7 126.7 57.2 4.5 C 75 (-)18 to 2 375 A/S 
    M3-B-4.5-3 C6 HS 127 63.5 5 12.7 126.7 57.2 4.5 C 75 (-)18 to 2 375 A/S 
 
3.14.1.6 Elevated temperature 
Reference and 
other details 
Specimen ID 
Cod
e 
Bar 
textur
ea 
Geometry 
Tes
t 
typ
eb 
  
D  
(m
m) 
Lb 
(m
m) 
Lb/Df
rp 
Dfrp 
(m
m) 
Afrp 
(mm^
2) 
C 
(m
m) 
C/Df
rp 
Temperat
ure 
 (°C) 
Durati
on 
(hrs) 
Test Condtiion 
                  
Katz et al. (1999) 
CB A1 RB 150 63.0 5 12.7 126.7 68.7 5.4 C 20    
 A2 RB 150 63.0 5 12.7 126.7 68.7 5.4 C 20    
   A3 RB 150 63.0 5 12.7 126.7 68.7 5.4 C 50  
Pull out test while heating 
the specimnes 
   A4 RB 150 63.0 5 12.7 126.7 68.7 5.4 C 75  
   A5 RB 150 63.0 5 12.7 126.7 68.7 5.4 C 80  
   A6 RB 150 63.0 5 12.7 126.7 68.7 5.4 C 105    
   A7 RB 150 63.0 5 12.7 126.7 68.7 5.4 C 115    
   A8 RB 150 63.0 5 12.7 126.7 68.7 5.4 C 115    
   A9 RB 150 63.0 5 12.7 126.7 68.7 5.4 C 125    
   A10 RB 150 63.0 5 12.7 126.7 68.7 5.4 C 125    
   A11 RB 150 63.0 5 12.7 126.7 68.7 5.4 C 130    
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   A12 RB 150 63.0 5 12.7 126.7 68.7 5.4 C 135    
   A13 RB 150 63.0 5 12.7 126.7 68.7 5.4 C 160    
   A14 RB 150 63.0 5 12.7 126.7 68.7 5.4 C 200    
   A15 RB 150 63.0 5 12.7 126.7 68.7 5.4 C 205    
   A16 RB 150 63.0 5 12.7 126.7 68.7 5.4 C 245    
   A17 RB 150 63.0 5 12.7 126.7 68.7 5.4 C 280    
  CPH  B1 HS 150 60.0 5 12.7 126.7 68.7 5.4 C 20    
   B2 HS 150 63.0 5 12.7 126.7 68.7 5.4 C 20    
   B3 HS 150 63.0 5 12.7 126.7 68.7 5.4 C 80    
   B4 HS 150 63.0 5 12.7 126.7 68.7 5.4 C 90    
   B5 HS 150 63.0 5 12.7 126.7 68.7 5.4 C 100    
   B6 HS 150 63.0 5 12.7 126.7 68.7 5.4 C 130    
   B7 HS 150 63.0 5 12.7 126.7 68.7 5.4 C 180    
   B8 HS 150 63.0 5 12.7 126.7 68.7 5.4 C 195    
   B9 HS 150 63.0 5 12.7 126.7 68.7 5.4 C 225    
   B10 HS 150 63.0 5 12.7 126.7 68.7 5.4 C 270    
  CPI  C1 R 150 63.0 5 12.7 126.7 68.7 5.4 C 20    
   C2 R 150 63.0 5 12.7 126.7 68.7 5.4 C 20    
   C3 R 150 63.0 5 12.7 126.7 68.7 5.4 C 82    
   C4 R 150 63.0 5 12.7 126.7 68.7 5.4 C 130    
   C5 R 150 63.0 5 12.7 126.7 68.7 5.4 C 165    
   C6 R 150 63.0 5 12.7 126.7 68.7 5.4 C 205    
   C7 R 150 63.0 5 12.7 126.7 68.7 5.4 C 230    
  NG D1 SC 150 63.0 5 12.7 126.7 68.7 5.4 C 20    
   D2 SC 150 63.0 5 12.7 126.7 68.7 5.4 C 20    
   D3 SC 150 63.0 5 12.7 126.7 68.7 5.4 C 90    
   D4 SC 150 63.0 5 12.7 126.7 68.7 5.4 C 160    
   D5 SC 150 63.0 5 12.7 126.7 68.7 5.4 C 210    
                 
CT-Control-10 A1 SC 25 25.0 5 5 19.6 10.0 2.0 C 23    
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Balazs-Adorjan et 
al. (2005) 
CT-Control-20 A2 SC 45 25.0 5 5 19.6 20.0 4.0 C 23    
  CT-Control-30 A3 SC 65 25.0 5 5 19.6 30.0 6.0 C 23    
  CT-50-10 A4 SC 25 25.0 5 5 19.6 10.0 2.0 C 50    
  CT-50-20 A5 SC 45 25.0 5 5 19.6 20.0 4.0 C 50    
  CT-50-30 A6 SC 65 25.0 5 5 19.6 30.0 6.0 C 50    
  CT-75-10 A7 SC 25 25.0 5 5 19.6 10.0 2.0 C 75    
  CT-75-20 A8 SC 45 25.0 5 5 19.6 20.0 4.0 C 75    
  CT-75-30 A9 SC 65 25.0 5 5 19.6 30.0 6.0 C 75    
  CT-100-20 A10 SC 45 25.0 5 5 19.6 20.0 4.0 C 100    
  CT-100-30 A11 SC 65 25.0 5 5 19.6 30.0 6.0 C 100    
  CT-200-10 A12 SC 25 25.0 5 5 19.6 10.0 2.0 C 200    
  CT-200-20 A13 SC 45 25.0 5 5 19.6 20.0 4.0 C 200    
  CT-200-30 A14 SC 65 25.0 5 5 19.6 30.0 6.0 C 200    
                 
Abbasi and Hogg 
(2005) 
W-Control-30 A1 HS 100 60.0 5 12 113.1 44.0 3.7 C 20  
Immersed in water for 30 
days 
W-Control-120 B1 HS 100 60.0 5 12 113.1 44.0 3.7 C 20  
Immersed in water for 
120days 
 
W-Control-240 C1 HS 100 60.0 5 12 113.1 44.0 3.7 C 20  
Immersed in water for 240 
days 
W-30-40 A2 HS 100 60.0 5 12 113.1 44.0 3.7 C 40  
Immersed in water for 30 
days 
  W-30-60 A3 HS 100 60.0 5 12 113.1 44.0 3.7 C 60  
Immersed in water for 30 
days 
  W-30-80 A4 HS 100 60.0 5 12 113.1 44.0 3.7 C 80  
Immersed in water for 30 
days 
  W-30-100 A5 HS 100 60.0 5 12 113.1 44.0 3.7 C 100  
Immersed in water for 30 
days 
  W-30-120 A6 HS 100 60.0 5 12 113.1 44.0 3.7 C 120  
Immersed in water for 30 
days 
  W-120-40 B2 HS 100 60.0 5 12 113.1 44.0 3.7 C 40  
Immersed in water for 120 
days 
  W-120-60 B3 HS 100 60.0 5 12 113.1 44.0 3.7 C 60  
Immersed in water for 120 
days 
  W-120-80 B4 HS 100 60.0 5 12 113.1 44.0 3.7 C 80  
Immersed in water for 120 
days 
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  W-120-100 B5 HS 100 60.0 5 12 113.1 44.0 3.7 C 100  
Immersed in water for 120 
days 
  W-120-120 B6 HS 100 60.0 5 12 113.1 44.0 3.7 C 120  
Immersed in water for 120 
days 
  W-240-40 C2 HS 100 60.0 5 12 113.1 44.0 3.7 C 40  
Immersed in water for 240 
days 
  W-240-60 C3 HS 100 60.0 5 12 113.1 44.0 3.7 C 60  
Immersed in water for 240 
days 
  W-240-80 C4 HS 100 60.0 5 12 113.1 44.0 3.7 C 80  
Immersed in water for 240 
days 
  W-240-100 C5 HS 100 60.0 5 12 113.1 44.0 3.7 C 100  
Immersed in water for 240 
days 
  W-240-240 C6 HS 100 60.0 5 12 113.1 44.0 3.7 C 120  
Immersed in water for 240 
days 
                 
  A-Control-30 D1 HS 100 60.0 5 12 113.1 44.0 3.7 C 20  
Immersed in Alkaline for 30 
days 
  A-Control-120 E1 HS 100 60.0 5 12 113.1 44.0 3.7 C 20  
Immersed in Alkaline for 
120days 
  A-Control-240 F1 HS 100 60.0 5 12 113.1 44.0 3.7 C 20  
Immersed in Alkaline for 
240 days 
  A-30-40 D2 HS 100 60.0 5 12 113.1 44.0 3.7 C 40  
Immersed in Alkaline for 30 
days 
  A-30-60 D3 HS 100 60.0 5 12 113.1 44.0 3.7 C 60  
Immersed in Alkaline for 30 
days 
  A-30-80 D4 HS 100 60.0 5 12 113.1 44.0 3.7 C 80  
Immersed in Alkaline for 30 
days 
  A-30-100 D5 HS 100 60.0 5 12 113.1 44.0 3.7 C 100  
Immersed in Alkaline for 30 
days 
  A-30-120 D6 HS 100 60.0 5 12 113.1 44.0 3.7 C 120  
Immersed in Alkaline for 30 
days 
  A-120-40 E2 HS 100 60.0 5 12 113.1 44.0 3.7 C 40  
Immersed in Alkaline for 
120 days 
  A-120-60 E3 HS 100 60.0 5 12 113.1 44.0 3.7 C 60  
Immersed in Alkaline for 
120 days 
  A-120-80 E4 HS 100 60.0 5 12 113.1 44.0 3.7 C 80  
Immersed in Alkaline for 
120 days 
  A-120-100 E5 HS 100 60.0 5 12 113.1 44.0 3.7 C 100  
Immersed in Alkaline for 
120 days 
  A-120-120 E6 HS 100 60.0 5 12 113.1 44.0 3.7 C 120  
Immersed in Alkaline for 
120 days 
  A-240-40 F2 HS 100 60.0 5 12 113.1 44.0 3.7 C 40  
Immersed in Alkaline for 
240 days 
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  A-240-60 F3 HS 100 60.0 5 12 113.1 44.0 3.7 C 60  
Immersed in Alkaline for 
240 days 
  A-240-80 F4 HS 100 60.0 5 12 113.1 44.0 3.7 C 80  
Immersed in Alkaline for 
240 days 
  A-240-100 F5 HS 100 60.0 5 12 113.1 44.0 3.7 C 100  
Immersed in Alkaline for 
240 days 
  A-240-240 F6 HS 100 60.0 5 12 113.1 44.0 3.7 C 120  
Immersed in Alkaline for 
240 days 
                 
Alvarez et al. 
(2007) 
G-D9.5-5d-T20 A1 SC 150 47.5 5 9.5 70.9 70.3 7.4 C 20 2688   
G-D9.5-5d-T40 A2 SC 150 47.5 5 9.5 70.9 70.3 7.4 C 40 2688   
  G-D9.5-5d-T60 A3 SC 150 47.5 5 9.5 70.9 70.3 7.4 C 60 2688   
                 
  G-D12.7-5d-T20 B1 SC 150 63.5 5 12.7 126.7 68.7 5.4 C 20 2688   
  G-D12.7-5d-T40 B2 SC 150 63.5 5 12.7 126.7 68.7 5.4 C 40 2688   
  G-D12.7-5d-T60 B3 SC 150 63.5 5 12.7 126.7 68.7 5.4 C 60 2688   
           
 
     
  G-D15.9-5d-T20 C1 SC 150 79.5 5 15.9 198.6 67.1 4.2 C 20 2688   
  G-D15.9-5d-T40 C2 SC 150 79.5 5 15.9 198.6 67.1 4.2 C 40 2688   
  G-D15.9-5d-T60 C3 SC 150 79.5 5 15.9 198.6 67.1 4.2 C 60 2688   
           
 
     
  G-D19.1-5d-T20 D1 SC 150 95.5 5 19.1 286.5 65.5 3.4 C 20 2688   
  G-D19.1-5d-T40 D2 SC 150 95.5 5 19.1 286.5 65.5 3.4 C 40 2688   
  G-D19.1-5d-T60 D3 SC 150 95.5 5 19.1 286.5 65.5 3.4 C 60 2688   
           
 
     
  G-D9.5-10d-T20 E1 SC 150 95.0 10 9.5 70.9 70.3 7.4 C 20 2688   
  G-D9.5-10d-T40 E2 SC 150 95.0 10 9.5 70.9 70.3 7.4 C 40 2688   
  G-D9.5-10d-T60 E3 SC 150 95.0 10 9.5 70.9 70.3 7.4 C 60 2688   
           
 
     
  G-D12.7-10d-
T20 
F1 SC 150 
127.
0 
10 12.7 126.7 68.7 5.4 C 20 2688   
  G-D12.7-10d-
T40 
F2 SC 150 
127.
0 
10 12.7 126.7 68.7 5.4 C 40 2688   
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  G-D12.7-10d-
T60 
F3 SC 150 
127.
0 
10 12.7 126.7 68.7 5.4 C 60 2688   
           
 
     
  G-D15.9-10d-
T20 
G1 SC 150 
159.
0 
10 15.9 198.6 67.1 4.2 C 20 2688   
  G-D15.9-10d-
T40 
G2 SC 150 
159.
0 
10 15.9 198.6 67.1 4.2 C 40 2688   
  G-D15.9-10d-
T60 
G3 SC 150 
159.
0 
10 15.9 198.6 67.1 4.2 C 60 2688   
           
 
     
  G-D19.1-10d-
T20 
H1 SC 150 
191.
0 
10 19.1 286.5 65.5 3.4 C 20 2688   
  G-D19.1-10d-
T40 
H2 SC 150 
191.
0 
10 19.1 286.5 65.5 3.4 C 40 2688   
  G-D19.1-10d-
T60 
H3 SC 150 
191.
0 
10 19.1 286.5 65.5 3.4 C 60 2688   
           
 
     
  G-D9.5-15d-T20 I1 SC 150 
142.
5 
15 9.5 70.9 70.3 7.4 C 20 2688   
  G-D9.5-15d-T40 I2 SC 150 
142.
5 
15 9.5 70.9 70.3 7.4 C 40 2688   
  G-D9.5-15d-T60 I3 SC 150 
142.
5 
15 9.5 70.9 70.3 7.4 C 60 2688   
           
 
     
  G-D12.7-15d-
T20 
J1 SC 150 
190.
5 
15 12.7 126.7 68.7 5.4 C 20 2688   
  G-D12.7-15d-
T40 
J2 SC 150 
190.
5 
15 12.7 126.7 68.7 5.4 C 40 2688   
  G-D12.7-15d-
T60 
J3 SC 150 
190.
5 
15 12.7 126.7 68.7 5.4 C 60 2688   
           
 
     
  G-D15.9-15d-
T20 
K1 SC 150 
238.
5 
15 15.9 198.6 67.1 4.2 C 20 2688   
  G-D15.9-15d-
T40 
K2 SC 150 
238.
5 
15 15.9 198.6 67.1 4.2 C 40 2688   
  G-D15.9-15d-
T60 
K3 SC 150 
238.
5 
15 15.9 198.6 67.1 4.2 C 60 2688   
           
 
     
  G-D19.1-15d-
T20 
L1 SC 150 
286.
5 
15 19.1 286.5 65.5 3.4 C 20 2688   
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  G-D19.1-15d-
T40 
L2 SC 150 
286.
5 
15 19.1 286.5 65.5 3.4 C 40 2688   
  G-D19.1-15d-
T60 
L3 SC 150 
286.
5 
15 19.1 286.5 65.5 3.4 C 60 2688   
                 
                 
Masmoudi et al. 
(2010) 
8G-20 A1 I 150 40.0 5 8 50.3 71.0 8.9 C 20 0   
8G-40 A2 I 150 40.0 5 8 50.3 71.0 8.9 C 40 24   
8G-60 A3 I 150 40.0 5 8 50.3 71.0 8.9 C 60 24   
  8G-80 A4 I 150 40.0 5 8 50.3 71.0 8.9 C 80 24   
  16G-20 B1 I 180 80.0 5 16 201.1 82.0 5.1 C 20 0   
  16G-40 B2 I 180 80.0 5 16 201.1 82.0 5.1 C 40 24   
  16G-60 B3 I 180 80.0 5 16 201.1 82.0 5.1 C 60 24   
  16G-80 B4 I 180 80.0 5 16 201.1 82.0 5.1 C 80 24   
                 
Masmoudi et al. 
(2011) 
#8-4-20 A1 I 150 40.0 5 8 50.3 71.0 8.9 C 20 2880   
#8-4-40 A2 I 150 40.0 5 8 50.3 71.0 8.9 C 40 2880   
#8-4-60 A3 I 150 40.0 5 8 50.3 71.0 8.9 C 60 2880   
#8-4-80 A4 I 150 40.0 5 8 50.3 71.0 8.9 C 80 2880   
  #16-4-20 B1 I 180 80.0 5 16 201.1 82.0 5.1 C 20 2880   
  #16-4-40 B2 I 180 80.0 5 16 201.1 82.0 5.1 C 40 2880   
  #16-4-60 B3 I 180 80.0 5 16 201.1 82.0 5.1 C 60 2880   
  #16-4-80 B4 I 180 80.0 5 16 201.1 82.0 5.1 C 80 2880   
  #8-8-20 C1 I 150 40.0 5 8 50.3 71.0 8.9 C 20 5760   
  #8-8-40 C2 I 150 40.0 5 8 50.3 71.0 8.9 C 40 5760   
  #8-8-60 C3 I 150 40.0 5 8 50.3 71.0 8.9 C 60 5760   
  #8-8-80 C4 I 150 40.0 5 8 50.3 71.0 8.9 C 80 5760   
  #16-8-20 D1 I 180 80.0 5 16 201.1 82.0 5.1 C 20 5760   
  #16-8-40 D2 I 180 80.0 5 16 201.1 82.0 5.1 C 40 5760   
  #16-8-60 D3 I 180 80.0 5 16 201.1 82.0 5.1 C 60 5760   
  #16-8-80 D4 I 180 80.0 5 16 201.1 82.0 5.1 C 80 5760   
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El Refai et al. 
(2014) 
B1C-1 A1 H 200 60.0 5 12 113.1 94.0 7.8 C 20    
B1C-2 A2 H 200 60.0 5 12 113.1 94.0 7.8 C 20    
  B1C-3 A3 H 200 60.0 5 12 113.1 94.0 7.8 C 20    
  B2C-1 B1 IS 200 60.0 5 12 113.1 94.0 7.8 C 20    
  B2C-2 B2 IS 200 60.0 5 12 113.1 94.0 7.8 C 20    
  B2C-3 B3 IS 200 60.0 5 12 113.1 94.0 7.8 C 20    
  B2C-4 B4 IS 200 60.0 5 12 113.1 94.0 7.8 C 20    
  B2C-5 B5 IS 200 60.0 5 12 113.1 94.0 7.8 C 20    
  GC-1 C1 I 200 60.0 5 12 113.1 94.0 7.8 C 20    
  GC-2 C2 I 200 60.0 5 12 113.1 94.0 7.8 C 20    
  GC-3 C3 I 200 60.0 5 12 113.1 94.0 7.8 C 20    
  B1T-1 A4 H 200 60.0 5 12 113.1 94.0 7.8 C 80 2160   
  B1T-2 A5 H 200 60.0 5 12 113.1 94.0 7.8 C 80 2160   
  B1T-3 A6 H 200 60.0 5 12 113.1 94.0 7.8 C 80 2160   
  B2T-1 B6 IS 200 60.0 5 12 113.1 94.0 7.8 C 80 2160   
  B2T-2 B7 IS 200 60.0 5 12 113.1 94.0 7.8 C 80 2160   
  B2T-3 B8 IS 200 60.0 5 12 113.1 94.0 7.8 C 80 2160   
  GT-1 C4 I 200 60.0 5 12 113.1 94.0 7.8 C 80 2160   
  GT-2 C5 I 200 60.0 5 12 113.1 94.0 7.8 C 80 2160   
  GT-3 C6 I 200 60.0 5 12 113.1 94.0 7.8 C 80 2160   
                 
El-gamal (2014) 
#8GT25-0 A1 I 200 40.0 5 8 50.3 96.0 12.0 C 25 -   
#8GT100-1 A2 I 200 40.0 5 8 50.3 96.0 12.0 C 100 1   
  #8GT100-2 A3 I 200 40.0 5 8 50.3 96.0 12.0 C 100 2   
  #8GT100-3 A4 I 200 40.0 5 8 50.3 96.0 12.0 C 100 3   
  #8GT200-1 A5 I 200 40.0 5 8 50.3 96.0 12.0 C 200 1   
  #8GT200-2 A6 I 200 40.0 5 8 50.3 96.0 12.0 C 200 2   
  #8GT200-3 A7 I 200 40.0 5 8 50.3 96.0 12.0 C 200 3   
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  #8GT300-1 A8 I 200 40.0 5 8 50.3 96.0 12.0 C 300 1   
  #8GT300-2 A9 I 200 40.0 5 8 50.3 96.0 12.0 C 300 2   
  #8GT300-3 A10 I 200 40.0 5 8 50.3 96.0 12.0 C 300 3   
  #8GT350-1 A11 I 200 40.0 5 8 50.3 96.0 12.0 C 350 1   
  #8GT350-2 A12 I 200 40.0 5 8 50.3 96.0 12.0 C 350 2   
  #8GT350-3 A13 I 200 40.0 5 8 50.3 96.0 12.0 C 350 3   
                 
Calvet et al. (2015) 
CS8 A1 CS 200 31.8 5 6.35 31.7 96.8 15.2 C 5 48   
 A2 CS 200 31.8 5 6.35 31.7 96.8 15.2 C 5 48   
 A3 CS 200 31.8 5 6.35 31.7 96.8 15.2 C 5 48   
 A4 CS 200 31.8 5 6.35 31.7 96.8 15.2 C 5 48   
   A5 CS 200 31.8 5 6.35 31.7 96.8 15.2 C 5 48   
  CS14 B1 CS 200 63.5 5 12.7 126.7 93.7 7.4 C 5 48   
   B2 CS 200 63.5 5 12.7 126.7 93.7 7.4 C 5 48   
   B3 CS 200 63.5 5 12.7 126.7 93.7 7.4 C 5 48   
   B4 CS 200 63.5 5 12.7 126.7 93.7 7.4 C 5 48   
   B5 CS 200 63.5 5 12.7 126.7 93.7 7.4 C 5 48   
  CR12 C1 RB 200 47.5 5 9.5 70.9 95.3 10.0 C 5 48   
   C2 RB 200 47.5 5 9.5 70.9 95.3 10.0 C 5 48   
   C3 RB 200 47.5 5 9.5 70.9 95.3 10.0 C 5 48   
   C4 RB 200 47.5 5 9.5 70.9 95.3 10.0 C 5 48   
   C5 RB 200 47.5 5 9.5 70.9 95.3 10.0 C 5 48   
  CDT13 D1 RB 200 47.6 5 9.52 71.2 95.2 10.0 C 5 48   
   D2 RB 200 47.6 5 9.52 71.2 95.2 10.0 C 5 48   
   D3 RB 200 47.6 5 9.52 71.2 95.2 10.0 C 5 48   
   D4 RB 200 47.6 5 9.52 71.2 95.2 10.0 C 5 48   
   D5 RB 200 47.6 5 9.52 71.2 95.2 10.0 C 5 48   
  CS8 A6 CS 200 31.8 5 6.35 31.7 96.8 15.2 C 20 48   
   A7 CS 200 31.8 5 6.35 31.7 96.8 15.2 C 20 48   
   A8 CS 200 31.8 5 6.35 31.7 96.8 15.2 C 20 48   
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   A9 CS 200 31.8 5 6.35 31.7 96.8 15.2 C 20 48   
   A10 CS 200 31.8 5 6.35 31.7 96.8 15.2 C 20 48   
  CS14 B6 CS 200 63.5 5 12.7 126.7 93.7 7.4 C 20 48   
   B7 CS 200 63.5 5 12.7 126.7 93.7 7.4 C 20 48   
   B8 CS 200 63.5 5 12.7 126.7 93.7 7.4 C 20 48   
   B9 CS 200 63.5 5 12.7 126.7 93.7 7.4 C 20 48   
   B10 CS 200 63.5 5 12.7 126.7 93.7 7.4 C 20 48   
  CR12 C6 RB 200 47.5 5 9.5 70.9 95.3 10.0 C 20 48   
   C7 RB 200 47.5 5 9.5 70.9 95.3 10.0 C 20 48   
   C8 RB 200 47.5 5 9.5 70.9 95.3 10.0 C 20 48   
   C9 RB 200 47.5 5 9.5 70.9 95.3 10.0 C 20 48   
   C10 RB 200 47.5 5 9.5 70.9 95.3 10.0 C 20 48   
  CDT13 C6 RB 200 47.6 5 9.52 71.2 95.2 10.0 C 20 48   
   C7 RB 200 47.6 5 9.52 71.2 95.2 10.0 C 20 48   
   C8 RB 200 47.6 5 9.52 71.2 95.2 10.0 C 20 48   
   C9 RB 200 47.6 5 9.52 71.2 95.2 10.0 C 20 48   
   C10 RB 200 47.6 5 9.52 71.2 95.2 10.0 C 20 48   
  CS8 A11 CS 200 31.8 5 6.35 31.7 96.8 15.2 C 40 48   
   A12 CS 200 31.8 5 6.35 31.7 96.8 15.2 C 40 48   
   A13 CS 200 31.8 5 6.35 31.7 96.8 15.2 C 40 48   
   A14 CS 200 31.8 5 6.35 31.7 96.8 15.2 C 40 48   
   A15 CS 200 31.8 5 6.35 31.7 96.8 15.2 C 40 48   
  CS14 B11 CS 200 63.5 5 12.7 126.7 93.7 7.4 C 40 48   
   B12 CS 200 63.5 5 12.7 126.7 93.7 7.4 C 40 48   
   B13 CS 200 63.5 5 12.7 126.7 93.7 7.4 C 40 48   
   B14 CS 200 63.5 5 12.7 126.7 93.7 7.4 C 40 48   
   B15 CS 200 63.5 5 12.7 126.7 93.7 7.4 C 40 48   
  CR12 C11 RB 200 47.5 5 9.5 70.9 95.3 10.0 C 40 48   
   C12 RB 200 47.5 5 9.5 70.9 95.3 10.0 C 40 48   
   C13 RB 200 47.5 5 9.5 70.9 95.3 10.0 C 40 48   
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   C14 RB 200 47.5 5 9.5 70.9 95.3 10.0 C 40 48   
   C15 RB 200 47.5 5 9.5 70.9 95.3 10.0 C 40 48   
  CDT13 C11 RB 200 47.6 5 9.52 71.2 95.2 10.0 C 40 48   
   C12 RB 200 47.6 5 9.52 71.2 95.2 10.0 C 40 48   
   C13 RB 200 47.6 5 9.52 71.2 95.2 10.0 C 40 48   
   C14 RB 200 47.6 5 9.52 71.2 95.2 10.0 C 40 48   
   C15 RB 200 47.6 5 9.52 71.2 95.2 10.0 C 40 48   
  CS8 A16 CS 200 31.8 5 6.35 31.7 96.8 15.2 C 80 48   
   A17 CS 200 31.8 5 6.35 31.7 96.8 15.2 C 80 48   
   A18 CS 200 31.8 5 6.35 31.7 96.8 15.2 C 80 48   
   A19 CS 200 31.8 5 6.35 31.7 96.8 15.2 C 80 48   
   A20 CS 200 31.8 5 6.35 31.7 96.8 15.2 C 80 48   
  CS14 B21 CS 200 63.5 5 12.7 126.7 93.7 7.4 C 80 48   
   B22 CS 200 63.5 5 12.7 126.7 93.7 7.4 C 80 48   
   B23 CS 200 63.5 5 12.7 126.7 93.7 7.4 C 80 48   
   B24 CS 200 63.5 5 12.7 126.7 93.7 7.4 C 80 48   
   B25 CS 200 63.5 5 12.7 126.7 93.7 7.4 C 80 48   
  CR12 C16 RB 200 47.5 5 9.5 70.9 95.3 10.0 C 80 48   
   C17 RB 200 47.5 5 9.5 70.9 95.3 10.0 C 80 48   
   C18 RB 200 47.5 5 9.5 70.9 95.3 10.0 C 80 48   
   C19 RB 200 47.5 5 9.5 70.9 95.3 10.0 C 80 48   
   C20 RB 200 47.5 5 9.5 70.9 95.3 10.0 C 80 48   
  CDT13 C16 RB 200 47.6 5 9.52 71.2 95.2 10.0 C 80 48   
   C17 RB 200 47.6 5 9.52 71.2 95.2 10.0 C 80 48   
   C18 RB 200 47.6 5 9.52 71.2 95.2 10.0 C 80 48   
   C19 RB 200 47.6 5 9.52 71.2 95.2 10.0 C 80 48   
   C20 RB 200 47.6 5 9.52 71.2 95.2 10.0 C 80 48   
  
               
Li et al. (2017) 
B-D8-5d-T20-
c45 
A1 HS 100 40.0 5 8 50.3 46.0 5.8 C 20    
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B-D8-5d-T70-
c45 
A2 HS 100 40.0 5 8 50.3 46.0 5.8 C 70 6   
  B-D8-5d-T170-
c45 
A3 HS 100 40.0 5 8 50.3 46.0 5.8 C 170 6   
  B-D8-5d-T270-
c45 
A4 HS 100 40.0 5 8 50.3 46.0 5.8 C 270 6   
          
  
     
  B-D8-2.5d-T20-
c45 
B1 HS 100 20.0 2.5 8 50.3 46.0 5.8 C 20    
  B-D8-2.5d-T70-
c45 
B2 HS 100 20.0 2.5 8 50.3 46.0 5.8 C 70 6   
  B-D8-2.5d-
T170-c45 
B3 HS 100 20.0 2.5 8 50.3 46.0 5.8 C 170 6   
  B-D8-2.5d-
T270-c45 
B4 HS 100 20.0 2.5 8 50.3 46.0 5.8 C 270 6   
           
 
     
  B-D8-10d-T20-
c45 
C1 HS 100 80.0 10 8 50.3 46.0 5.8 C 20    
  B-D8-10d-T70-
c45 
C2 HS 100 80.0 10 8 50.3 46.0 5.8 C 70 6   
  B-D8-10d-T170-
c45 
C3 HS 100 80.0 10 8 50.3 46.0 5.8 C 170 6   
  B-D8-10d-T270-
c45 
C4 HS 100 80.0 10 8 50.3 46.0 5.8 C 270 6   
           
 
     
  B-D8-15d-T20-
c45 
D1 HS 100 
120.
0 
15 8 50.3 46.0 5.8 C 20    
  B-D8-15d-T70-
c45 
D2 HS 100 
120.
0 
15 8 50.3 46.0 5.8 C 70 6   
  B-D8-15d-T170-
c45 
D3 HS 100 
120.
0 
15 8 50.3 46.0 5.8 C 170 6   
  B-D8-15d-T270-
c45 
D4 HS 100 
120.
0 
15 8 50.3 46.0 5.8 C 270 6   
           
 
     
  B-D8-20d-T20-
c45 
E1 HS 100 
160.
0 
20 8 50.3 46.0 5.8 C 20    
  B-D8-20d-T70-
c45 
E2 HS 100 
160.
0 
20 8 50.3 46.0 5.8 C 70 6   
  B-D8-20d-T170-
c45 
E3 HS 100 
160.
0 
20 8 50.3 46.0 5.8 C 170 6   
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  B-D8-20d-T270-
c45 
E4 HS 100 
160.
0 
20 8 50.3 46.0 5.8 C 270 6   
          
 
      
  B-D8-5d-T20-
c30 
F1 HS 100 40.0 5 8 50.3 46.0 5.8 C 20    
  B-D8-5d-T70-
c30 
F2 HS 100 40.0 5 8 50.3 46.0 5.8 C 70 6   
  B-D8-5d-T170-
c30 
F3 HS 100 40.0 5 8 50.3 46.0 5.8 C 170 6   
  B-D8-5d-T270-
c30 
F4 HS 100 40.0 5 8 50.3 46.0 5.8 C 270 6   
           
 
     
  B-D8-5d-T20-
c60 
G1 HS 100 40.0 5 8 50.3 46.0 5.8 C 20    
  B-D8-5d-T70-
c60 
G2 HS 100 40.0 5 8 50.3 46.0 5.8 C 70 6   
  B-D8-5d-T170-
c60 
G3 HS 100 40.0 5 8 50.3 46.0 5.8 C 170 6   
  B-D8-5d-T270-
c60 
G4 HS 100 40.0 5 8 50.3 46.0 5.8 C 270 6   
          
  
     
  B-D6-5d-T20-
c45 
H1 HS 100 30.0 5 6 28.3 47.0 7.8 C 20    
  B-D6-5d-T70-
c45 
H2 HS 100 30.0 5 6 28.3 47.0 7.8 C 70 6   
  B-D6-5d-T170-
c45 
H3 HS 100 30.0 5 6 28.3 47.0 7.8 C 170 6   
  B-D6-5d-T270-
c45 
H4 HS 100 30.0 5 6 28.3 47.0 7.8 C 270 6   
           
 
     
  B-D10-5d-T20-
c45 
I1 HS 100 50.0 5 10 78.5 45.0 4.5 C 20    
  B-D10-5d-T70-
c45 
I2 HS 100 50.0 5 10 78.5 45.0 4.5 C 70 6   
  B-D10-5d-T170-
c45 
I3 HS 100 50.0 5 10 78.5 45.0 4.5 C 170 6   
  B-D10-5d-T270-
c45 
I4 HS 100 50.0 5 10 78.5 45.0 4.5 C 270 6   
          
  
     
  B-D8-3d-T20-
c45 
J1 HS 150 40.0 5 8 50.3 25.0 3.1 E 20    
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  B-D8-3d-T70-
c45 
J2 HS 150 40.0 5 8 50.3 25.0 3.1 E 70 6   
  B-D8-3d-T170-
c45 
J3 HS 150 40.0 5 8 50.3 25.0 3.1 E 170 6   
  B-D8-3d-T270-
c45 
J4 HS 150 40.0 5 8 50.3 25.0 3.1 E 270 6   
           
 
     
  B-D8-9d-T20-
c45 
K1 HS 150 40.0 5 8 50.3 71.0 8.9 C 20    
  B-D8-9d-T70-
c45 
K2 HS 150 40.0 5 8 50.3 71.0 8.9 C 70 6   
  B-D8-9d-T170-
c45 
K3 HS 150 40.0 5 8 50.3 71.0 8.9 C 170 6   
  B-D8-9d-T270-
c45 
K4 HS 150 40.0 5 8 50.3 71.0 8.9 C 270 6   
          
  
     
  B-D8-5d-T120-
c45 
A5 HS 100 40.0 5 8 50.3 46.0 5.8 C 120 6   
  B-D8-5d-T220-
c45 
A6 HS 100 40.0 5 8 50.3 46.0 5.8 C 220 6   
  B-D8-5d-T350-
c45 
A7 HS 100 40.0 5 8 50.3 46.0 5.8 C 350 6   
           
 
     
  G-D8-5d-T20-
c45 
L1 H 100 40.0 5 8 50.3 46.0 5.8 C 20    
  G-D8-5d-T70-
c45 
L2 H 100 40.0 5 8 50.3 46.0 5.8 C 70 6   
  G-D8-5d-T120-
c45 
L3 H 100 40.0 5 8 50.3 46.0 5.8 C 120 6   
  G-D8-5d-T170-
c45 
L4 H 100 40.0 5 8 50.3 46.0 5.8 C 170 6   
  G-D8-5d-T220-
c45 
L5 H 100 40.0 5 8 50.3 46.0 5.8 C 220 6   
  G-D8-5d-T270-
c45 
L6 H 100 40.0 5 8 50.3 46.0 5.8 C 270 6   
  G-D8-5d-T350-
c45 
L7 H 100 40.0 5 8 50.3 46.0 5.8 C 350 6   
                 
                 
Hamad et al. (2017) 
GT-Control A1 
H 150 
100.
0 
10 10 78.5 70.0 7.0 C  0 
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GT-125 A2 
H 150 
100.
0 
10 10 78.5 70.0 7.0 C 125 4 
  
  GT-250 A3 
H 150 
100.
0 
10 10 78.5 70.0 7.0 C 250 5 
  
  GT-325 A4 
H 150 
100.
0 
10 10 78.5 70.0 7.0 C 325 5 
  
    
           
  
  BT-Control B1 
H 150 
100.
0 
10 10 78.5 70.0 7.0 C  0 
  
  BT-125 B2 
H 150 
100.
0 
10 10 78.5 70.0 7.0 C 125 4 
  
  BT-250 B3 
H 150 
100.
0 
10 10 78.5 70.0 7.0 C 250 5 
  
  BT-325 B4 
H 150 
100.
0 
10 10 78.5 70.0 7.0 C 325 5 
  
    
           
  
  CT-Control C1 
SC 150 
100.
0 
10 10 78.5 70.0 7.0 C  0 
  
  CT-125 C2 
SC 150 
100.
0 
10 10 78.5 70.0 7.0 C 125 4 
  
  CT-250 C3 
SC 150 
100.
0 
10 10 78.5 70.0 7.0 C 250 5 
  
  CT-325 C4 
SC 150 
100.
0 
10 10 78.5 70.0 7.0 C 325 5 
  
  CT-375 C5 
SC 150 
100.
0 
10 10 78.5 70.0 7.0 C 375 5 
  
                 
Ozkal et al. (2018) 
G-Control A1 SC 150 45 5 9 63.6 70.5 7.8 C     
G-100 A2 SC 150 45 5 9 63.6 70.5 7.8 C 100    
  G-150 A3 SC 150 45 5 9 63.6 70.5 7.8 C 150    
  G-200 A4 SC 150 45 5 9 63.6 70.5 7.8 C 200    
  G-250 A5 SC 150 45 5 9 63.6 70.5 7.8 C 250    
  G-300 A6 SC 150 45 5 9 63.6 70.5 7.8 C 300    
  G-400 A7 SC 150 45 5 9 63.6 70.5 7.8 C 400    
  G-500 A8 SC 150 45 5 9 63.6 70.5 7.8 C 500    
    G-600 A9 SC 150 45 5 9 63.6 70.5 7.8 C 600       
 
 202 
3.14.1.7 Other conditions 
Reference 
and other 
details 
Specim
en ID 
Co
de 
Bar 
textur
ea 
Geometryc 
Tes
t 
typ
eb 
Conditioning/exposure 
    
Cyl
es 
Temperat
ure 
 (°C) 
Durati
on 
(hrs) 
Test Condtiion 
D  
(m
m) 
Lb 
(m
m) 
Lb/D
frp 
Dfrp 
(m
m) 
Afrp 
(mm^
2) 
C 
(m
m) 
C/Df
rp 
                  
                  
Belarbi and 
Wang (2011) 
VP4C A1 S 130 65.0 5 13 132.7 58.5 4.5 C      
 A2 S 130 65.0 5 13 132.7 58.5 4.5 C      
   A3 S 130 65.0 5 13 132.7 58.5 4.5 C      
  VP4G B1 H 130 65.0 5 13 132.7 58.5 4.5 C      
   B2 H 130 65.0 5 13 132.7 58.5 4.5 C      
   B3 H 130 65.0 5 13 132.7 58.5 4.5 C      
  VP8G C1 H 250 
125.
0 
5 25 490.9 
112.
5 
4.5 C      
   C2 H 250 
125.
0 
5 25 490.9 
112.
5 
4.5 C      
   C3 H 250 
125.
0 
5 25 490.9 
112.
5 
4.5 C      
  DP4C A4 S 130 65.0 5 13 132.7 58.5 4.5 C 200 
(-)20-35, 
35-60 
2334 de-icing solution  
   A5 S 130 65.0 5 13 132.7 58.5 4.5 C 200 
(-)20-35, 
35-60 
2334 de-icing solution  
   A6 S 130 65.0 5 13 132.7 58.5 4.5 C 200 
(-)20-35, 
35-60 
2334 de-icing solution  
  DP4G B4 H 130 65.0 5 13 132.7 58.5 4.5 C 200 
(-)20-35, 
35-60 
2334 de-icing solution  
   B5 H 130 65.0 5 13 132.7 58.5 4.5 C 200 
(-)20-35, 
35-60 
2334 de-icing solution  
   B6 H 130 65.0 5 13 132.7 58.5 4.5 C 200 
(-)20-35, 
35-60 
2334 de-icing solution  
  DP8G C4 H 250 
125.
0 
5 25 490.9 
112.
5 
4.5 C 200 
(-)20-35, 
35-60 
2334 de-icing solution  
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   C5 H 250 
125.
0 
5 25 490.9 
112.
5 
4.5 C 200 
(-)20-35, 
35-60 
2334 de-icing solution  
   C6 H 250 
125.
0 
5 25 490.9 
112.
5 
4.5 C 200 
(-)20-35, 
35-60 
2334 de-icing solution  
Fibre-
reinforced 
Concrete 
VF4C D1 S 130 65.0 5 13 132.7 58.5 4.5 C      
 D2 S 130 65.0 5 13 132.7 58.5 4.5 C      
 D3 S 130 65.0 5 13 132.7 58.5 4.5 C      
VF4G E1 H 130 65.0 5 13 132.7 58.5 4.5 C      
 E2 H 130 65.0 5 13 132.7 58.5 4.5 C      
 E3 H 130 65.0 5 13 132.7 58.5 4.5 C      
VF8G F1 H 250 
125.
0 
5 25 490.9 
112.
5 
4.5 C      
 F2 H 250 
125.
0 
5 25 490.9 
112.
5 
4.5 C      
 F3 H 250 
125.
0 
5 25 490.9 
112.
5 
4.5 C      
DF4C D4 S 130 65.0 5 13 132.7 58.5 4.5 C 200 
(-)20-35, 
35-60 
2334 de-icing solution  
 D5 S 130 65.0 5 13 132.7 58.5 4.5 C 200 
(-)20-35, 
35-60 
2334 de-icing solution  
 D6 S 130 65.0 5 13 132.7 58.5 4.5 C 200 
(-)20-35, 
35-60 
2334 de-icing solution  
DF4G E4 H 130 65.0 5 13 132.7 58.5 4.5 C 200 
(-)20-35, 
35-60 
2334 de-icing solution  
 E5 H 130 65.0 5 13 132.7 58.5 4.5 C 200 
(-)20-35, 
35-60 
2334 de-icing solution  
 E6 H 130 65.0 5 13 132.7 58.5 4.5 C 200 
(-)20-35, 
35-60 
2334 de-icing solution  
DF8G F4 H 250 
125.
0 
5 25 490.9 
112.
5 
4.5 C 200 
(-)20-35, 
35-60 
2334 de-icing solution  
   F5 H 250 
125.
0 
5 25 490.9 
112.
5 
4.5 C 200 
(-)20-35, 
35-60 
2334 de-icing solution  
   F6 H 250 
125.
0 
5 25 490.9 
112.
5 
4.5 C 200 
(-)20-35, 
35-60 
2334 de-icing solution  
                  
Won et al. 
(2013) 
G A1 H 150 30 5 6 28.3 72.0 12.0 C      
HA B1 B 150 20 5 4 12.6 73.0 18.3 C      
  HB C1 B 150 20 5 4 12.6 73.0 18.3 C      
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  HC D1 B 150 20 5 4 12.6 73.0 18.3 C      
  G-1 A2 
H 150 
30 
5 6 28.3 72.0 12.0 C 
25 60 1200 
60°c dry and 3% Nacl 
immersion  
  G-2 A3 
H 150 
30 
5 6 28.3 72.0 12.0 C 
25 (-)10-20 1200 
4% Nacl immersion and -10 
degree forzen  
  HA-1 B2 
B 150 
20 
5 4 12.6 73.0 18.3 C 
25 60 1200 
60°c dry and 3% Nacl 
immersion  
  HA-2 B3 
B 150 
20 
5 4 12.6 73.0 18.3 C 
25 (-)10-20 1200 
4% Nacl immersion and -10 
degree forzen  
  HB-1 C2 
B 150 
20 
5 4 12.6 73.0 18.3 C 
25 60 1200 
60°c dry and 3% Nacl 
immersion  
  HB-2 C3 
B 150 
20 
5 4 12.6 73.0 18.3 C 
25 (-)10-20 1200 
4% Nacl immersion and -10 
degree forzen  
  HC-1 D2 
B 150 
20 
5 4 12.6 73.0 18.3 C 
25 60 1200 
60°c dry and 3% Nacl 
immersion  
  HC-2 D3 
B 150 
20 
5 4 12.6 73.0 18.3 C 
25 (-)10-20 1200 
4% Nacl immersion and -10 
degree forzen  
                  
Abedi (2014) 
Lab 1 A1 I 200 80.0 5 16 201.1 92.0 5.8 C   -   
Lab 2 A2 I 200 80.0 5 16 201.1 92.0 5.8 C   -   
  Sun 30-1 A3 I 200 80.0 5 16 201.1 92.0 5.8 C   720 Sun  
  Sun 30-2 A4 I 200 80.0 5 16 201.1 92.0 5.8 C   720 Sun  
  Sun 60-1 A5 I 200 80.0 5 16 201.1 92.0 5.8 C   1440 Sun  
  Sun 60-2 A6 I 200 80.0 5 16 201.1 92.0 5.8 C   1440 Sun  
  Sun 90-1 A7 I 200 80.0 5 16 201.1 92.0 5.8 C   2160 Sun  
  Sun 90-2 A8 I 200 80.0 5 16 201.1 92.0 5.8 C   2160 Sun  
                  
                  
Al- Tamimia 
et al. (2014) 
Lab 1 A1 RB 200 65.0 5 13 132.7 93.5 7.2 C   1140   
Lab2 A2 RB 200 65.0 5 13 132.7 93.5 7.2 C   2160   
Sun 1 A3 RB 200 65.0 5 13 132.7 93.5 7.2 C   1140 Sun  
  Sun 2 A4 RB 200 65.0 5 13 132.7 93.5 7.2 C   2160 Sun  
                  
                  
B1C-1 A1 H 200 60.0 5 12 113.1 94.0 7.8 C      
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El Refai et al. 
(2014) 
B1C-2 A2 H 200 60.0 5 12 113.1 94.0 7.8 C      
  B1C-3 A3 H 200 60.0 5 12 113.1 94.0 7.8 C      
  B2C-1 B1 IS 200 60.0 5 12 113.1 94.0 7.8 C      
  B2C-2 B2 IS 200 60.0 5 12 113.1 94.0 7.8 C      
  B2C-3 B3 IS 200 60.0 5 12 113.1 94.0 7.8 C      
  B2C-4 B4 IS 200 60.0 5 12 113.1 94.0 7.8 C      
  B2C-5 B5 IS 200 60.0 5 12 113.1 94.0 7.8 C      
  GC-1 C1 I 200 60.0 5 12 113.1 94.0 7.8 C      
  GC-2 C2 I 200 60.0 5 12 113.1 94.0 7.8 C      
  GC-3 C3 I 200 60.0 5 12 113.1 94.0 7.8 C      
  B1TW-1 A4 H 200 60.0 5 12 113.1 94.0 7.8 C  80 
1440+7
20 
Followed by water immersion  
  B1TW-2 A5 H 200 60.0 5 12 113.1 94.0 7.8 C  80 
1440+7
20 
Followed by water immersion  
  B1TW-3 A6 H 200 60.0 5 12 113.1 94.0 7.8 C  80 
1440+7
20 
Followed by water immersion  
  B2TW-1 B6 IS 200 60.0 5 12 113.1 94.0 7.8 C  80 
1440+7
20 
Followed by water immersion  
  B2TW-2 B7 IS 200 60.0 5 12 113.1 94.0 7.8 C  80 
1440+7
20 
Followed by water immersion  
  B2TW-3 B8 IS 200 60.0 5 12 113.1 94.0 7.8 C  80 
1440+7
20 
Followed by water immersion  
  GTW-1 C4 I 200 60.0 5 12 113.1 94.0 7.8 C  80 
1440+7
20 
Followed by water immersion  
  GTW-2 C5 I 200 60.0 5 12 113.1 94.0 7.8 C  80 
1440+7
20 
Followed by water immersion  
  GTW-3 C6 I 200 60.0 5 12 113.1 94.0 7.8 C  80 
1440+7
20 
Followed by water immersion  
  B1TS-1 A7 H 200 60.0 5 12 113.1 94.0 7.8 C  80 
1440+7
20 
Followed by 60°C seawater  
  
B1TS-2 A8 H 200 60.0 5 12 113.1 94.0 7.8 C  80 
1440+7
20 
Followed by 60°C seawater  
  
B1TS-3 A9 H 200 60.0 5 12 113.1 94.0 7.8 C  80 
1440+7
20 
Followed by 60°C seawater  
  
B2TS-1 B9 IS 200 60.0 5 12 113.1 94.0 7.8 C  80 
1440+7
20 
Followed by 60°C seawater  
  
B2TS-2 B10 IS 200 60.0 5 12 113.1 94.0 7.8 C  80 
1440+7
20 
Followed by 60°C seawater  
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B2TS-3 B11 IS 200 60.0 5 12 113.1 94.0 7.8 C  80 
1440+7
20 
Followed by 60°C seawater  
  
GTS-1 C7 I 200 60.0 5 12 113.1 94.0 7.8 C  80 
1440+7
20 
Followed by 60°C seawater  
  
GTS-2 C8 I 200 60.0 5 12 113.1 94.0 7.8 C  80 
1440+7
20 
Followed by 60°C seawater  
    
GTS-3 C9 I 200 60.0 5 12 113.1 94.0 7.8 C   80 
1440+7
20 
Followed by 60°C seawater   
 
3.14.2 Bond test results 
3.14.2.1 Water 
Reference and other 
details 
Specimen 
ID 
Materials Pull-out test results 
FRP Concrete Joint strength   
Bar & Resin 
Types 
Ef  
(GPa) 
ff  
(MPa) 
fcm 
(MPa) 
Pult 
(kN) 
Max. 
τ  
(Mpa) 
Avg.  
τ  
(Mpa) 
NORM 
Avg. 
Norm 
Failure 
modec 
              
Bank et al. (1998) 
R1-Control G P   44 2.51 0.99 
0.96 
 
 
PO 
R1-Control G P   44 2.43 0.96  PO 
  R1-Control G P   44 2.33 0.92  PO 
  R1-E1 G P    0.66 0.26 
0.15 
0.27 
0.15 
PO 
  R1-E1 G P    0.28 0.11 0.11 PO 
  R1-E1 G P    0.18 0.07 0.07 PO 
  R1-E2 G P    0.30 0.12 
0.06 
0.13 
0.06 
PO 
  R1-E2 G P    0.08 0.03 0.03 PO 
  R1-E2 G P    0.07 0.027 0.03 PO 
  R2-Control G V   44 1.85 0.73 
0.68 
 
 
PO 
  R2-Control G V   44 1.75 0.69  PO 
  R2-Control G V   44 1.57 0.62  PO 
  R2-E1 G V    1.04 0.41 
0.37 
0.60 
0.54 
PO 
  R2-E1 G V    0.81 0.32 0.47 PO 
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  R2-E1 G V    - - - PO 
  R2-E2 G V    0.86 0.34 
0.28 
0.50 
0.41 
PO 
  R2-E2 G V    0.63 0.25 0.37 PO 
  R2-E2 G V    0.61 0.24 0.35 PO 
  R3-Control G V   44 15.33 6.05 
5.53 
 
 
SP 
  R3-Control G V   44 14.19 5.6  SP 
  R3-Control G V   44 12.54 4.95  SP 
  R3-E1 G V    17.08 6.74 
6.19 
1.22 
1.12 
SP 
  R3-E1 G V    15.43 6.09 1.10 SP 
  R3-E1 G V    14.54 5.74 1.04 SP 
  R3-E2 G V    22.12 8.73 
7.74 
1.58 
1.40 
SP 
  R3-E2 G V    18.70 7.38 1.33 SP 
  R3-E2 G V    18.01 7.11 1.28 SP 
  R4-Control G P   44 20.93 8.26 
7.24 
 
 
SP 
  R4-Control G P   44 17.18 6.78  SP 
  R4-Control G P   44 16.95 6.69  SP 
  R4-E1 G P    17.71 6.99 
5.74 
0.97 
0.79 
SP 
  R4-E1 G P    14.69 5.8 0.80 SP 
  R4-E1 G P    11.20 4.42 0.61 SP 
  R4-E2 G P    15.81 6.24 
5.49 
0.86 
0.76 
SP 
  R4-E2 G P    13.88 5.48 0.76 SP 
  R4-E2 G P    12.03 4.75 0.66 SP 
           
 
  
Al-Dulaijan et al. (2001) 
SGV G V 46.6  45 3.71 1.47 1.47  
 PO 
SGV-W G V 45.2   3.56 1.41 1.41 0.96 0.9601293 PO 
  MGV G V 46.6  45 24.17 9.54 9.54  
 PO 
  MGV-W G V 43.2   21.81 8.61 8.61 0.90 0.9025198 PO 
              
Abbasi and Hogg (2005) 
 G P 39 366 32 22.39 9.9 9.9   PO 
 G P    32.48 14.36 14.36 1.45 1.45 PO 
   G P    37.03 16.37 16.37 1.65 1.65 PO 
              
Galati et al. (2006) 
C1 G U 40.8 760 31.05 34.69 15.3 15.3   PO 
C2 G U 40.8 760 31.05 42.26 9.3 9.3   PO 
C1-T G U    34.98 15.4 15.4 1.01 1.01 PO 
  C2-T G U    40.99 9.0 9.0 0.97 0.97 R 
  2d1 G U 40.8 760 31.05 33.34 14.7 14.7   PO 
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  2d2 G U 40.8 760 31.05 34.25 7.5 7.5   PO 
  2d1-T G U    34.55 15.2 15.2 1.04 1.04 PO 
  2d2-T G U    28.77 6.3 6.3 0.84 0.84 SP 
  3d1 G U 40.8 760 31.05 37.82 16.7 16.7   PO 
  3d2 G U 40.8 760 31.05 34.7 7.6 7.6   PO 
  3d1-T G U    39.34 17.3 17.3 1.04 1.04 PO 
  3d2-T G U    30.69 6.8 6.8 0.88 0.88 SP 
              
Davalos et al. (2008) 
GFRP 1 G V 45.8 856 63.4 28.47 20.08 
19.61 
  PO 
GFRP 1 G V 45.8 856 63.4 28.38 20.02   PO 
  GFRP 1 G V 45.8 856 63.4 26.57 18.74   PO 
  GFRP 2 G V 40.8 690 62.7 55.21 21.79 
21.39 
  PO 
  GFRP 2 G V 40.8 690 62.7 50.14 19.79   PO 
  GFRP 2 G V 40.8 690 62.7 57.21 22.58   PO 
  GFRP 3 G V 49.4 840 58.7 32.53 22.95 
23.42 
  PO 
  GFRP 3 G V 49.4 840 58.7 34.12 24.07   PO 
  GFRP 3 G V 49.4 840 58.7 32.93 23.23   PO 
  CFRP C E 124 2587 57.3 32.25 25.35 
22.26 
  PO 
  CFRP C E 124 2587 57.3 26.02 20.45   PO 
  CFRP C E 124 2587 57.3 26.69 20.98   PO 
              
  GFRP 1 G V   74.1 25.11 17.71 
16.61 
0.90 
0.85 
PO 
  GFRP 1 G V   74.1 26.52 18.71 0.95 PO 
  GFRP 1 G V   74.1 19.01 13.41 0.68 PO 
  GFRP 2 G V   68.3 51.33 20.26 
21.33 
0.95 
1.00 
PO 
  GFRP 2 G V   68.3 56.50 22.3 1.04 PO 
  GFRP 2 G V   68.3 54.27 21.42 1.00 PO 
  GFRP 3 G V   64.7 22.98 16.21 
18.83 
0.69 
0.80 
PO 
  GFRP 3 G V   64.7 27.76 19.58 0.84 PO 
  GFRP 3 G V   64.7 29.35 20.7 0.88 PO 
  CFRP C E   68 28.91 22.72 
20.68 
1.02 
0.93 
PO 
  CFRP C E   68 26.46 20.8 0.93 PO 
  CFRP C E   68 23.58 18.53 0.83 PO 
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  GFRP 1 G V   48.3 28.20 19.89 
17.97 
1.01 
0.92 
PO 
  GFRP 1 G V   48.3 20.41 14.4 0.73 PO 
  GFRP 1 G V   48.3 27.80 19.61 1.00 PO 
  GFRP 2 G V   51.9 50.27 19.84 
20.79 
0.93 
0.97 
PO 
  GFRP 2 G V   51.9 55.16 21.77 1.02 PO 
  GFRP 2 G V   51.9 52.57 20.75 0.97 PO 
  GFRP 3 G V   47.7 34.25 24.16 
22.15 
1.03 
0.95 
PO 
  GFRP 3 G V   47.7 28.20 19.89 0.85 PO 
  GFRP 3 G V   47.7 31.74 22.39 0.96 PO 
  CFRP C E   46.1 22.69 17.83 
20.04 
0.80 
0.90 
PO 
  CFRP C E   46.1 24.91 19.58 0.88 PO 
  CFRP C E   46.1 28.91 22.72 1.02 PO 
              
              
Robert and Benmokrane 
(2010) 
Control G V 47.6 728 58.5 85.06 15 15.00   PO 
60-23 G V    85.06 15 15 1.00 1.00 PO 
  60-40 G V    84.49 14.9 14.9 0.99 0.99 PO 
  60-50 G V    82.79 14.6 14.6 0.97 0.97 PO 
  120-23 G V    81.66 14.4 14.4 0.96 0.96 PO 
  120-40 G V    81.09 14.3 14.3 0.95 0.95 PO 
  120-50 G V    79.96 14.1 14.1 0.94 0.94 PO 
  180-23 G V    79.96 14.1 14.1 0.94 0.94 PO 
  180-40 G V    79.39 14 14 0.93 0.93 PO 
  180-50 G V    78.25 13.8 13.8 0.92 0.92 PO 
              
              
Zhou et la. (2011) 
GC-30 G P 33 400 27.2 27.2 8.46 8.46   SP 
GW-30 G P    24.4 7.60 7.60 0.90 0.90 SP 
  GW-45 G P    25.0 7.77 7.77 0.92 0.92 SP 
  GW-60 G P    27.0 8.39 8.39 0.99 0.99 SP 
  GW-75 G P    27.6 8.57 8.57 1.01 1.01 SP 
  
           
 
Zhou et al. (2012) 
GC-90 G P 33 400 27.2 28.2 8.76 8.76 1.00 1.00 SP 
GW-90 G P    29.3 9.12 9.12 1.08 1.08 SP 
              
El Refai et al. (2014) B1C-1 B E 50 1100 48 41.9 18.51 20.65   PO 
 210 
B1C-2 B E 50 1100 48 42.9 18.98  PO 
  B1C-3 B E 50 1100 48 55.3 24.46  PO 
  
B2C-1 B E 50 1168 48 59.7 26.39 
27.84  
 PO 
  
B2C-2 B E 50 1168 48 58.4 25.8  PO 
  
B2C-3 B E 50 1168 48 64.4 28.48  PO 
  
B2C-4 B E 50 1168 48 63.4 28.02  PO 
  
B2C-5 B E 50 1168 48 69.0 30.51  PO 
  
GC-1 G V   48 42.7 18.89 
18.42  
 PO 
  
GC-2 G V   48 42.8 18.92  PO 
  
GC-3 G V   48 39.4 17.44  PO 
  
B1W-90-1 B E   65.4 43.6 19.28 
19.55 
0.93 
0.95 
PO   
B1W-90-3 B E   65.4 44.8 19.81 0.96 PO   
B2W-90-1 B E   65.4 55.8 24.65 
24.26 
0.89 
0.87 
PO   
B2W-90-2 B E   65.4 55.9 24.72 0.89 PO   
B2W-90-3 B E   65.4 52.9 23.4 0.84 PO   
GW-90-1 G V   65.4 39.7 17.53 
18.72 
0.95 
1.02 
PO   
GW-90-2 G V   65.4 41.4 18.3 0.99 PO 
    GW-90-3 G V     65.4 46.0 20.34 1.10 PO 
 
3.14.2.2 Alkaline 
Reference and other 
details 
Specimen 
ID 
Materials Pull-out test results 
FRP Concrete Joint strength   
Bar & Resin 
Types 
Ef  
(GPa) 
ff  
(MPa) 
fcm 
(MPa) 
Pult 
(kN) 
Max. 
τ  
(Mpa) 
Avg. τ  
(Mpa) 
Norm 
Avg. 
Norm 
Failure 
modec 
              
Al-Dulaijan et al. (2001) 
SGV G V 47 
 
45 3.7 1.47 1.5   PO 
SGV-AM G V 43   6.0 2.39 2.4 1.63 1.63 PO 
  SCV G V 114  45 4.1 1.63 1.6   PO 
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  SCV-AM G V 109   2.9 1.13 1.1 0.69 0.69 PO 
  SCE G V 118  45 5.9 2.34 2.3   PO 
  SCE-AM G V 114   3.5 1.38 1.4 0.59 0.59 PO 
  MGV G V 47  45 24.2 9.54 9.5   PO 
  MGV-AM G V 39   16.4 6.49 6.5 0.68 0.68 PO 
  MCV C V   45 26.0 10.27 10.3   PO 
  MCV-AM C V    20.5 8.09 8.1 0.79 0.79 PO 
  MCE C V   45 41.3 16.28 16.3   PO 
  MCE-AM C V    34.8 13.73 13.7 0.84 0.84 PO 
              
Abbasi and Hogg (2005) 
 G P 41 665 32 22.9 10.14 10.1   PO 
 G P    30.9 13.65 13.7 1.35 1.35 PO 
  
 G P    34.1 15.07 15.1 1.49 1.49 PO 
              
Zhou et al. (2012) 
GC-30 G P 33 400 27.2 28.2 8.76 8.8   SP 
GpH13.5-30 G P    26.8 8.33 8.3 0.95 0.95 SP 
  GpH13.5-60 G P 
   28.3 8.79 8.8 1.00 1.00 SP 
  GpH13.5-90 G P 
   31.9 9.90 9.9 1.13 1.13 SP 
             SP 
              
Abedi (2014) 
Lab 1 G V 55 951 50 85.0 21.1 
21.2 
 
 PO 
Lab 2 G V 55 964 50 85.4 21.2 PO 
  Alkaline 30-1 G V 
 892  70.5 17.5 
17.6 
0.83 
0.83 
PO 
  Alkaline 30-2 G V 
 912  70.6 17.6 0.83 SP 
  Alkaline 60-1 G V 
 937  60.1 15 
15.1 
0.71 
0.71 
PO 
  Alkaline 60-2 G V 
 936  60.6 15.1 0.71 SP 
  Alkaline 90-1 G V 
 956  50.9 12.7 
14.1 
0.60 
0.60 
PO 
  Alkaline 90-2 G V 
 932  62.3 15.5 0.73 SP 
              
Altalmas et al. (2015) BC-1 B E 50 1168 48 59.7 26.39 27.8   PO 
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BC-2 B E 50 1168 48 58.4 25.8  PO 
  BC-3 B E 50 1168 48 64.4 28.48 
 PO 
  BC-4 B E 50 1168 48 63.4 28.02 
 PO 
  BC-5 B E 50 1168 48 69.0 30.51 
 PO 
  GC-1 G V 50 1000 48 42.7 18.89 
18.4 
 
 
PO 
  GC-2 G V 50 1000 48 42.8 18.92 
 PO 
  GC-3 G V 50 1000 48 39.4 17.44 
 PO 
  BK-30-1 B E 
  56 56.1 24.79 
26.2 
0.89 
0.94 
PO 
  BK-30-2 B E 
  56 57.5 25.43 0.91 PO 
  BK-30-3 B E 
  56 64.2 28.4 1.02 PO 
  GK-30-1 G V 
  56 43.0 19.02 
18.7 
1.03 
1.02 
PO 
  GK-30-2 G V 
  56 41.4 18.32 0.99 PO 
  GK-30-3 G V 
  56 42.8 18.9 1.03 PO 
  BK-60-1 B E 
  67.28 58.3 25.77 
26.5 
0.93 
0.95 
PO 
  BK-60-2 B E 
  67.28 63.4 28.05 1.01 PO 
  BK-60-3 B E 
  67.28 58.3 25.77 0.93 PO 
  GK-60-1 G V 
  67.28 39.9 17.65 
18.3 
0.96 
0.994 
PO 
  GK-60-2 G V 
  67.28 42.2 18.65 1.01 PO 
  GK-60-3 G V 
  67.28 42.1 18.61 1.01 PO 
  BK-90-1 B E 
  65.68 59.7 26.39 
24.3 
0.95 
0.87 
PO 
  BK-90-2 B E 
  65.68 51.8 22.89 0.82 PO 
  BK-90-3 B E 
  65.68 53.5 23.67 0.85 PO 
  GK-90-1 G V 
  65.68 40.1 17.75 
18.2 
0.96 
0.987 
PO 
  GK-90-2 G V 
  65.68 43.6 19.27 1.05 PO 
  GK-90-3 G V 
  65.68 39.6 17.49 0.95 PO 
              
Hassan et al. (2016) 
B1-(0-23) B V 62 1706 32.5      PO 
B2-(0-23) B V 62 1706 32.5 36.5 14.45 
13.9 
 
 PO 
B3-(0-23) B V 62 1706 32.5 35.6 13.77  PO 
  B4-(0-23) B V 62 1706 32.5 34.6 13.43  PO 
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  B5-(0-23) B V         PO 
  B1-(1.5-40) B V    30.9 13.64 
14.8 
0.98 
1.07 
PO 
  B2-(1.5-40) B V    36.6 16.17 1.16 PO 
  B3-(1.5-40) B V    37.3 16.48 1.19 PO 
  B4-(1.5-40) B V    33.3 14.72 1.06 PO 
  B5-(1.5-40) B V    29.5 13.04 0.94 PO 
  B1-(1.5-50) B V    40.0 17.66 
19.3 
1.27 
1.39 
PO 
  B2-(1.5-50) B V    41.1 18.16 1.31 PO 
  B3-(1.5-50) B V    42.7 18.87 1.36 PO 
  B4-(1.5-50) B V    48.4 21.41 1.54 PO 
  B5-(1.5-50) B V    46.2 20.43 1.47 PO 
  B1-(1.5-60) B V    44.2 19.54 
19.4 
1.41 
1.40 
PO 
  B2-(1.5-60) B V    41.4 18.32 1.32 PO 
  B3-(1.5-60) B V    46.1 20.37 1.47 PO 
  B4-(1.5-60) B V    43.1 19.03 1.37 PO 
  B5-(1.5-60) B V    45.1 19.95 1.44 PO 
  B1-(3-40) B V    24.1 10.64 
13.3 
0.77 
0.96 
PO 
  B2-(3-40) B V    41.8 18.46 1.33 PO 
  B3-(3-40) B V    27.9 12.32 0.89 PO 
  B4-(3-40) B V    30.5 13.46 0.97 PO 
  B5-(3-40) B V    26.3 11.6 0.84 PO 
  B1-(3-50) B V    36.9 16.32 
18.4 
1.18 
1.33 
PO 
  B2-(3-50) B V    41.6 18.37 1.32 PO 
  B3-(3-50) B V    37.7 16.67 1.20 PO 
  B4-(3-50) B V    45.6 20.16 1.45 PO 
  B5-(3-50) B V    46.6 20.59 1.48 PO 
  B1-(3-60) B V    45.0 20.78 
19.2 
1.50 
1.38 
PO 
  B2-(3-60) B V    43.0 19.01 1.37 PO 
  B3-(3-60) B V    39.5 17.44 1.26 PO 
  B4-(3-60) B V    44.7 19.74 1.42 PO 
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  B5-(3-60) B V    42.6 18.85 1.36 PO 
  B1-(6-40) B V    26.1 11.56 
12.5 
0.83 
0.90 
PO 
  B2-(6-40) B V    35.6 15.72 1.13 PO 
  B3-(6-40) B V    26.4 11.68 0.84 PO 
  B4-(6-40) B V    25.0 11.04 0.80 PO 
  B5-(6-40) B V    28.1 12.43 0.90 PO 
  B1-(6-50) B V    35.1 15.53 
18.0 
1.12 
1.30 
PO 
  B2-(6-50) B V    42.7 18.9 1.36 PO 
  B3-(6-50) B V    43.4 19.16 1.38 PO 
  B4-(6-50) B V    39.0 17.24 1.24 PO 
  B5-(6-50) B V    43.5 19.24 1.39 PO 
  B1-(6-60) B V   53 49.3 21.81 
18.4 
1.57 
1.32 
PO 
  B2-(6-60) B V   53 39.0 17.24 1.24 PO 
  B3-(6-60) B V   53 48.2 21.32 1.54 PO 
  B4-(6-60) B V   53 36.3 16.05 1.16 PO 
  B5-(6-60) B V   53 35.1 15.52 1.12 PO 
              
Yan et al. (2016) 
M2-A-3.0-1 G V 46 758 43.09 43.7 17.26 
17.3 
 
1.00 
PO 
M2-A-3.0-2 G V 46 758 43.09 45.7 18.04  PO 
  M2-A-3.0-3 G V 46 758 43.09 42.0 16.59  PO 
  M3-A-4.5-1 G V 46 758 46.73 48.4 19.11 
18.9 
 
1.00 
PO 
  M3-A-4.5-2 G V 46 758 46.73 47.0 18.57  PO 
  M3-A-4.5-3 G V 46 758 46.73 47.9 18.89  PO 
  M2-C-3.0-1 G V    44.3 17.5 
17.2 
1.01 
0.992 
PO 
  M2-C-3.0-2 G V    43.6 17.21 0.99 PO 
  M2-C-3.0-3 G V    42.5 16.79 0.97 PO 
  M3-C-4.5-1 G V    47.4 18.72 
18.6 
0.99 
0.985 
PO 
  M3-C-4.5-2 G V    47.3 18.68 0.99 PO 
  M3-C-4.5-3 G V    46.4 18.33 0.97 PO 
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Dong et al. (2018) 
BV-Contorl B V 60 1401 42.32 19.7 19.62 
20.8 
  PO 
 B V 60 1401 42.32 
20.7 20.63   PO 
   B V 60 1401 42.32 22.2 22.12   PO 
  BV-15 B V   45.79 23.1 22.93 
22.8 
1.10 
1.10 
PO 
   B V   45.79 24.7 24.55 1.18 PO 
   B V   45.79 21.2 21.04 1.01 PO 
  BV-30 B V   45.79 20.5 20.36 
20.5 
0.98 
0.98 
PO 
   B V   45.79 19.9 19.76 0.95 PO 
   B V   45.79 21.4 21.24 1.02 PO 
  BV-45 B V   45.79 19.2 19.14 
19.2 
0.92 
0.92 
PO 
   B V   45.79 19.4 19.28 0.93 PO 
   B V   45.79 
 
- - - 
  GV-Control G V 60 1137 43.06 24.3 24.15 
20.7 
  PO 
   G V 60 1137 43.06 21.8 21.71   PO 
   G V 60 1137 430.6 16.3 16.23   SP 
  GV-15 G V   45.79 22.0 21.91 
22.7 
1.06 
1.10 
PO 
   G V   45.79 22.4 22.25 1.08 PO 
   G V   45.79 24.0 23.87 1.15 PO 
  GV-30 G V   45.79 22.2 22.12 
22.9 
1.07 
1.11 
PO 
   G V   45.79 25.4 25.3 1.22 PO 
   G V   45.79 21.4 21.24 1.03 PO 
  GV-45 G V   45.79 26.1 25.97 
24.0 
1.25 
1.16 
SP 
   G V   45.79 23.6 23.48 1.13 PO 
   G V   45.79 22.6 22.46 1.09 PO 
  BE-Control B E 57 1325 17.31 22.7 22.56 
24.7 
  SP 
   B E 57 1325 17.31 22.1 22   SP 
   B E 57 1325 17.31 29.7 29.58   PO 
  BE-15 B E   45.79 31.1 30.92 
30.3 
1.25 
1.23 
PO 
   B E   45.79 29.4 29.28 1.18 SP 
   B E   45.79 30.8 30.64 1.24 PO 
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  BE-30 B E   45.79 29.8 29.62 
30.0 
1.20 
1.21 
SP 
   B E   45.79 30.5 30.3 1.23 SP 
   B E   45.79 30.1 29.96 1.21 PO 
  BE-45 B E   45.79 30.9 30.71 
31.1 
1.24 
1.26 
SP 
   B E   45.79 31.5 31.32 1.27 PO 
   B E   45.79 31.3 31.18 1.26 SP 
  CE-Control C E 152 1883 37.66 21.6 21.45 
24.2 
  PO 
   C E 152 1883 37.66 26.8 26.65   PO 
   C E 152 1883 37.66 24.7 24.55   PO 
  CE-15 C E   45.79 29.5 29.36 
31.0 
1.21 
1.28 
PO 
   C E   45.79 32.6 32.47 1.34 PO 
   C E   45.79 31.2 31.05 1.28 SP 
  CE-30 C E   45.79 31.6 31.45 
32.9 
1.30 
1.36 
PO 
   C E   45.79 32.4 32.26 1.33 PO 
   C E   45.79 35.2 34.97 1.44 SP 
  CE-45 C E   45.79 33.0 32.87 
34.0 
1.36 
1.40 
SP 
   C E   45.79 36.1 35.92 1.48 PO 
      C E     45.79 33.4 33.21 1.37 SP 
 
 
3.14.2.3 Saline 
Reference and other 
details 
Specimen ID 
Materials Pull-out test results 
FRP Concrete Joint strength   
Bar & Resin 
Types 
Ef  
(GPa) 
ff  
(MPa) 
fcm 
(MPa) 
Pult 
(kN) 
Max. 
τ  
(Mpa) 
Avg. 
τ  
(Mpa) 
Norm Avg.Norm 
Failure 
modec 
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Al-Zahrani et al. (2002) 
Control G V 39.5  35.8 21.2 13.5 13.5   PO 
 G V 34   17.9 11.4 11.4 0.84 0.84 PO 
   G V 29.6   20.9 13.3 13.3 0.99 0.99 PO 
              
Zhou et al. (2012) 
GC-30 G P 33 400 27.17 27.2 8.46 8.46   SP 
GC-60 G P 33 400 27.17 28.1 8.75 8.75   SP 
  GC-90 G P 33 400 27.17 28.2 8.76 8.76   SP 
  GS-30 G P    25.9 8.05 8.05 0.95 0.95 SP 
  GS-60 G P    26.1 8.11 8.11 0.96 0.96 SP 
  GS-90 G P    30.6 9.50 9.50 1.12 1.12 SP 
              
Won et al. (2013) 
GC G V    9.6 17.06 17.06   u 
HAC HY V    6.9 27.46 27.46   u 
  HBC  HY V    5.8 23.05 23.05   u 
  HCC  HY V    6.4 25.50 25.50   u 
  G-1 G V    5.2 9.20 9.20 0.54 0.54 u 
  G-2 G V    7.8 13.77 13.77 0.81 0.81 u 
  G-3 G V    7.5 13.29 13.29 0.78 0.78 u 
  HA-1 HY V    4.0 15.76 15.76 0.57 0.57 u 
  HA-2 HY V    6.0 23.75 23.75 0.86 0.86 u 
  HA-3 HY V    5.7 22.81 22.81 0.83 0.83 u 
  HB-1 HY V    2.9 11.39 11.39 0.49 0.49 u 
  HB-2 HY V    4.8 19.11 19.11 0.83 0.83 u 
  HB-3 HY V    4.8 18.97 18.97 0.82 0.82 u 
  HC-1 HY V    3.6 14.39 14.39 0.56 0.56 u 
  HC-2 HY V    5.5 21.97 21.97 0.86 0.86 u 
  HC-3 HY V    5.3 20.95 20.95 0.82 0.82 u 
              
El Refai et al. (2014) B1C-1 B E 50 1100 48 41.9 18.51 20.65   PO 
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B1C-2 B E 50 1100 48 42.9 18.98   PO 
  B1C-3 B E 50 1100 48 55.3 24.46   PO 
  B2C-1 B E 50 1168 48 59.7 26.39 
27.84 
  PO 
  B2C-2 B E 50 1168 48 58.4 25.8   PO 
  B2C-3 B E 50 1168 48 64.4 28.48   PO 
  B2C-4 B E 50 1168 48 63.4 28.02   PO 
  B2C-5 B E 50 1168 48 69.0 30.51   PO 
  GC-1 G V 50 1000 48 42.7 18.89 
18.42 
  PO 
  GC-2 G V 50 1000 48 42.8 18.92   PO 
  GC-3 G V 50 1000 48 39.4 17.44   PO 
  B1S-90-1 B E   64.96 47.1 20.84 
19.58 
1.01 
0.95 
PO 
  B1S-90-2 B E   64.96 43.0 19.03 0.92 PO 
  B1S-90-3 B E   64.96 42.7 18.87 0.91 PO 
  B2S-90-1 B E   64.96 51.2 22.62 
23.89 
0.81 
0.86 
PO 
  B2S-90-2 B E   64.96 52.1 23.05 0.83 PO 
  B2S-90-3 B E   64.96 58.8 26.01 0.93 PO 
  GS-90-1 G V   64.96 37.2 16.44 
17.67 
0.89 
0.96 
PO 
  GS-90-2 G V   64.96 39.2 17.33 0.94 PO 
  GS-90-3 G V   64.96 43.5 19.24 1.04 PO 
              
              
Abedi (2014) 
Lab 1 G V 54.5 951 50 85 21.1 
21.15 
  PO 
Lab 2 G V 54.5 964 50 85.4 21.2   PO 
  Salt 30-1 G V  907  75.8 18.9 
19.15 
0.89 
0.89 
PO 
  Salt 30-2 G V  909  77.9 19.4 0.92 SP 
  Salt 60-1 G V  891  71.6 17.8 
17.85 
0.84 
0.84 
PO 
  Salt 60-2 G V  888  71.9 17.9 0.85 PO 
  Salt 90-1 G V  870  68.1 17 
17.1 
0.80 
0.81 
PO 
  Salt 90-2 G V  791  69.3 17.2 0.81 PO 
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Al- Tamimia et al. (2014) 
Lab1 G U 54.5 800 54 85.2 32.1 
30.75 
  PO 
Lab2 G U 54.5 800 54 78.0 29.4   PO 
Water 1 G U    91.1 34.3 34.3 1.1 1.12 SP 
  Water 2 G U    87.1 32.8 32.8 1.1 1.07 PO 
              
              
Altalmas et al. (2015) 
BC-1 B E 50 1168 48 59.7 26.39 
27.84 
  PO 
BC-2 B E 50 1168 48 58.4 25.8   PO 
  BC-3 B E 50 1168 48 64.4 28.48   PO 
  BC-4 B E 50 1168 48 63.4 28.02   PO 
  BC-5 B E 50 1168 48 69.0 30.51   PO 
  GC-1 G V 50 1000 48 42.7 18.89 
18.42 
  PO 
  GC-2 G V 50 1000 48 42.8 18.92   PO 
  GC-3 G V 50 1000 48 39.4 17.44   PO 
  BS-30-1 B E   65.2 66.5 29.39 
24.36 
1.06 
0.88 
PO 
  BS-30-2 B E   65.2 45.5 20.12 0.72 PO 
  BS-30-3 B E   65.2 53.3 23.57 0.85 PO 
  GS-30-1 G V   65.2 40.6 17.94 
18.46 
0.97 
1.00 
PO 
  GS-30-2 G V       PO 
  GS-30-3 G V   65.2 42.9 18.98 1.03 PO 
  BS-60-1 B E   67.84 54.4 24.03 
25.67 
0.86 
0.92 
PO 
  BS-60-2 B E   67.84 61.6 27.23 0.98 PO 
  BS-60-3 B E   67.84 58.2 25.74 0.92 PO 
  GS-60-1 G V   67.84 40.0 17.7 
18.23 
0.96 
0.99 
PO 
  GS-60-2 G V   67.84 40.3 17.81 0.97 PO 
  GS-60-3 G V   67.84 43.4 19.17 1.04 PO 
              
              
Dong et al. (2016a) BV-Control B V 60.2 1401 42.32 19.7 19.62 20.79   PO 
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 B V 60.2 1401 42.32 20.7 20.63   PO 
 B V 60.2 1401 42.32 22.2 22.12   PO 
  BV-25-30 B V    23.1 22.93 
21.42 
1.10 
1.03 
PO 
   B V    19.7 19.55 0.94 PO 
   B V    21.9 21.78 1.05 PO 
  BV-25-45 B V    21.9 21.78 
22.19 
1.05 
1.07 
PO 
   B V    22.1 21.98 1.06 PO 
   B V    22.9 22.8 1.10 PO 
  BV-25-60 B V    15.9 15.83 
18.31 
0.76 
0.94 
SP 
   B V    19.9 19.81 0.95 PO 
   B V    19.4 19.28 0.93 PO 
  BV-40-15 B V    21.9 21.78 
20.31 
1.05 
0.98 
PO 
   B V    18.6 18.53 0.89 PO 
   B V    20.7 20.63 0.99 PO 
  BV-40-30 B V    20.8 20.7 
20.52 
1.00 
0.99 
PO 
   B V    22.0 21.84 1.05 PO 
   B V    19.1 19.01 0.91 PO 
  BV-40-45 B V    17.6 17.52 
19.57 
0.84 
0.94 
PO 
   B V    21.7 21.58 1.04 PO 
   B V    19.7 19.62 0.94 PO 
  BV-40-60 B V      
18.91 
 
0.91 
PO 
   B V    19.6 19.48 0.94 PO 
   B V    18.4 18.33 0.88 PO 
  BV-55-30 B V    18.2 18.12 
19.57 
0.87 
0.94 
PO 
   B V    22.3 22.18 1.07 PO 
   B V    18.5 18.4 0.89 PO 
  BV-55-45 B V    15.9 15.8 
18.20 
0.76 
0.88 
PO 
   B V    18.7 18.6 0.89 PO 
   B V    20.3 20.2 0.97 PO 
  BV-55-60 B V    16.0 15.9 18.11 0.76 0.87 PO 
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   B V    19.2 19.1 0.92 PO 
   B V    19.4 19.33 0.93 PO 
  BVS-Control B V 60.2 1400.7 40.88 12.2 12.18 
11.23 
  PO 
   B V 60.2 1400.7 40.88 11.1 11.09   PO 
   B V 60.2 1400.7 40.88 10.5 10.41   PO 
  BVS-40-15 B V    9.6 9.54 
13.37 
0.85 
1.19 
PO 
   B V    19.5 19.42 1.73 PO 
   B V    11.2 11.16 0.99 PO 
  BVS-40-30 B V    24.8 24.69 
21.34 
2.20 
1.90 
PO 
   B V    18.1 17.99 1.60 PO 
   B V    7.8 7.78 0.69 SP 
  BVS-40-45 B V    13.9 13.8 
15.67 
1.23 
1.40 
PO 
   B V    15.3 15.22 1.36 PO 
   B V    18.1 17.99 1.60 PO 
  BVS-40-60 B V    16.4 16.3 
15.26 
1.45 
1.36 
PO 
   B V    13.5 13.39 1.19 PO 
   B V    16.2 16.1 1.43 PO 
  BE-Control B E 56.9 1325.2 39.68 13.8 13.7 
18.21 
  SP 
   B E 56.9 1325.2 39.68 14.0 13.9   SP 
   B E 56.9 1325.2 39.68 18.3 18.21   PO 
  BE-40-15 B E    19.8 19.69 
19.53 
1.08 
1.07 
PO 
   B E    21.0 20.9 1.15 PO 
   B E    18.1 17.99 0.99 PO 
  BE-40-30 B E    21.4 21.24 
18.17 
1.17 
1.00 
PO 
   B E    19.0 18.94 1.04 PO 
   B E    14.4 14.34 0.79 PO 
  BE-40-45 B E    18.2 18.06 
18.78 
0.99 
1.03 
PO 
   B E    17.8 17.73 0.97 PO 
   B E    20.7 20.56 1.13 PO 
  BE-40-60 B E    18.4 18.26 18.44 1.00 1.01 PO 
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   B E    16.7 16.57 0.91 PO 
   B E    20.6 20.5 1.13 PO 
  GV-Control G V 59.2 1136.8 43.04 24.3 24.15 
22.93 
  PO 
   G V 59.2 1136.8 43.04 21.8 21.71   PO 
   G V 59.2 1136.8 43.04 16.3 16.23   SP 
  GV-40-15 G V    24.3 24.15 
23.52 
1.05 
1.03 
PO 
   G V    21.4 21.24 0.93 PO 
   G V    25.3 25.17 1.10 PO 
  GV-40-30 G V    21.6 21.51 
20.58 
0.94 
0.94 
PO 
   G V    21.9 21.78 0.95 PO 
   G V    18.6 18.46 0.81 SP 
  GV-40-45 G V    27.1 26.92 
24.55 
1.17 
1.07 
PO 
   G V    27.6 27.46 1.20 PO 
   G V    19.4 19.28 0.84 PO 
  GV-40-60 G V    16.5 16.37 
21.31 
0.71 
0.93 
PO 
   G V    24.4 24.28 1.06 PO 
   G V    23.4 23.27 1.01 PO 
  CE-Control C E 152.1 1883.3 37.68 21.6 21.45 
24.22 
  PO 
   C E 152.1 1883.3 37.68 26.8 26.65   PO 
   C E 152.1 1883.3 37.68 24.7 24.55   PO 
  CE-25-30 C E    24.7 24.56 
24.58 
1.01 
1.01 
PO 
   C E    23.7 23.54 0.97 PO 
   C E    25.8 25.63 1.06 PO 
  CE-25-45 C E    24.1 24.01 
26.65 
0.99 
1.10 
PO 
   C E    32.6 32.4 1.34 PO 
   C E    23.7 23.54 0.97 PO 
  CE-40-15 C E    26.4 26.24 
25.57 
1.08 
1.06 
PO 
   C E    27.7 27.53 1.14 PO 
   C E    23.1 22.93 0.95 PO 
  CE-40-30 C E    29.0 28.89 29.15 1.19 1.20 PO 
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   C E    30.5 30.3 1.25 PO 
   C E    28.4 28.27 1.17 PO 
  CE-40-45 C E    31.4 31.25 
28.59 
1.29 
1.18 
SP 
   C E    32.7 32.54 1.34 SP 
   C E    22.1 21.98 0.91 SP 
  CE-55-30 C E    25.8 25.64 
23.90 
1.06 
0.99 
PO 
   C E    19.9 19.75 0.82 PO 
   C E    26.4 26.31 1.09 PO 
  CE-55-45 C E    23.3 23.13 
24.51 
0.96 
1.01 
PO 
   C E    27.8 27.67 1.14 PO 
   C E    22.9 22.73 0.94 PO 
              
Dong et al. (2016b) 
B30-S-2 S V 97.8  39.76 34.3 18.21    PO 
 S V    37.9 20.11  1.10 1.10 PO 
 S V    36.7 19.45  1.07 1.07 PO 
   S V    32.7 17.37  0.95 0.95 PO 
  B30-R-1 S V 97.8  33.36 38.4 20.39    PO 
   S V    38.4 20.38  1.00 1.00 PO 
   S V    40.0 21.2  1.04 1.04 PO 
   S V    38.2 20.28  0.99 0.99 PO 
              
Dong et al. (2016c) 
SFBC-REF S V 97.8  33.36  17.78 
18.21 
  PO 
 S V 97.8  33.36  18.63   PO 
   S V 97.8  33.36  18.21   PO 
  SFBC-30 S V    40.0 21.2 
20.93 
1.1644 
1.15 
PO 
   S V    41.5 22.03 1.21 PO 
   S V    36.9 19.57 1.0749 PO 
  SFBC-60 S V    40.9 21.71 
21.38 
1.1924 
1.17 
PO 
   S V    39.7 21.04 1.1556 PO 
   S V    40.3 21.4 1.1754 PO 
 224 
  SFBC-90 S V    38.6 20.5 
19.50 
1.126 
1.07 
PO 
   S V    33.2 17.6 0.9667 PO 
   S V    38.4 20.39 1.1199 PO 
              
              
Yan et al. (2017) PC0.0-Control-1 G V 46 758 46.58 39.7 15.68 
15.63 
1.00  PO 
  PC0.0-Control-2 G V 46 758 46.58 40.8 16.11 1.00  PO 
  PC0.0-Control-3 G V 46 758 45.58 38.2 15.09 1.00  PO 
  PC0.0-50-30-1 G V    38.5 15.18 
14.94 
0.97 
0.96 
PO 
  PC0.0-50-30-2 G V    36.0 14.22 0.91 PO 
  PC0.0-50-30-3 G V    39.0 15.41 0.99 PO 
  PC0.0-50-45-1 G V    35.2 13.89 
14.49 
0.89 
0.93 
PO 
  PC0.0-50-45-2 G V    37.1 14.66 0.94 PO 
  PC0.0-50-45-3 G V    37.8 14.93 0.96 PO 
  PC0.0-50-60-1 G V    35.2 13.91 
14.18 
0.89 
0.91 
PO 
  PC0.0-50-60-2 G V    37.9 14.95 0.96 PO 
  PC0.0-50-60-3 G V    34.7 13.68 0.88 PO 
  PC0.0-70-30-1 G V    36.4 14.36 
14.56 
0.92 
0.93 
PO 
  PC0.0-70-30-2 G V    39.0 15.39 0.98 PO 
  PC0.0-70-30-3 G V    35.3 13.92 0.89 PO 
  PC0.0-70-45-1 G V    36.1 14.25 
13.95 
0.91 
0.89 
PO 
  PC0.0-70-45-2 G V    34.3 13.54 0.87 PO 
  PC0.0-70-45-3 G V    35.6 14.06 0.90 PO 
  PC0.0-70-60-1 G V    35.7 14.11 
12.52 
0.90 
0.88 
PO 
  PC0.0-70-60-2 G V    33.9 13.38 0.86 PO 
  PC0.0-70-60-3 G V    25.5 10.06 0.64 SP 
              
  steel0.5-Control-1 G V 46 758 45.27 48.5 19.15 
18.75 
  PO 
  steel0.5-Control-2 G V 46 758 45.27 46.2 18.23   PO 
  steel0.5-Control-3 G V 46 758 45.27 47.8 18.87   PO 
 225 
  steel1.0-Control-1 G V 46 758 46.72 53.9 21.26 
21.89 
  PO 
  steel1.0-Control-2 G V 46 758 46.72 56.9 22.44   PO 
  steel1.0-Control-3 G V 46 758 46.72 55.6 21.96   PO 
  steel0.5-50-30-1 G V    46.6 18.39 
18.01 
0.98 
0.96 
PO 
  steel0.5-50-30-2 G V    42.9 16.95 0.90 PO 
  steel0.5-50-30-3 G V    47.4 18.69 1.00 PO 
  steel0.5-50-45-1 G V    45.1 17.82 
17.56 
0.95 
0.94 
PO 
  steel0.5-50-45-2 G V    43.2 17.06 0.91 PO 
  steel0.5-50-45-3 G V    45.1 17.8 0.95 PO 
  steel0.5-50-60-1 G V    42.2 16.64 
17.20 
0.89 
0.92 
PO 
  steel0.5-50-60-2 G V    43.2 17.05 0.91 PO 
  steel0.5-50-60-3 G V    45.4 17.9 0.95 PO 
  steel0.5-70-30-1 G V    46.0 18.17 
17.49 
0.97 
0.93 
PO 
  steel0.5-70-30-2 G V    45.6 18.01 0.96 PO 
  steel0.5-70-30-3 G V    41.3 16.29 0.87 PO 
  steel0.5-70-45-1 G V    40.5 15.99 
16.92 
0.85 
0.90 
PO 
  steel0.5-70-45-2 G V    42.5 16.76 0.89 PO 
  steel0.5-70-45-3 G V    45.6 18 0.96 PO 
  steel0.5-70-60-1 G V    41.2 16.28 
16.74 
0.87 
0.90 
PO 
  steel0.5-70-60-2 G V    44.2 17.44 0.93 PO 
  steel0.5-70-60-3 G V    41.8 16.49 0.88 PO 
  steel1.0-50-30-1 G V    54.0 21.33 
21.29 
0.97 
0.97 
PO 
  steel1.0-50-30-2 G V    52.6 20.75 0.95 PO 
  steel1.0-50-30-3 G V    55.2 21.79 1.00 PO 
  steel1.0-50-45-1 G V    54.3 21.42 
20.92 
0.98 
0.96 
PO 
  steel1.0-50-45-2 G V    49.1 19.38 0.89 PO 
  steel1.0-50-45-3 G V    55.7 21.97 1.00 PO 
  steel1.0-50-60-1 G V    48.8 19.25 
20.45 
0.88 
0.93 
PO 
  steel1.0-50-60-2 G V    50.7 20.02 0.91 PO 
  steel1.0-50-60-3 G V    55.9 22.08 1.01 PO 
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  steel1.0-70-30-1 G V    53.2 21.01 
20.76 
0.96 
0.95 
PO 
  steel1.0-70-30-2 G V    52.1 20.55 0.94 PO 
  steel1.0-70-30-3 G V    52.5 20.73 0.95 PO 
  steel1.0-70-45-1 G V    49.1 19.38 
20.22 
0.89 
0.92 
PO 
  steel1.0-70-45-2 G V    54.3 21.44 0.98 PO 
  steel1.0-70-45-3 G V    50.3 19.85 0.91 PO 
  steel1.0-70-60-1 G V    47.5 18.75 
19.76 
0.86 
0.88 
PO 
  steel1.0-70-60-2 G V    50.4 19.91 0.91 PO 
  steel1.0-70-60-3 G V    52.3 20.63 0.94 PO 
              
  PVA0.5-Control-1 G V 46 758 44.93 39.6 15.63 
16.69 
  PO 
  PVA0.5-Control-2 G V 46 758 44.93 44.3 17.5   PO 
  PVA0.5-Control-3 G V 46 758 44.93 42.9 16.94   PO 
  PVA1.0-Control-1 G V 46 758 45.32 41.3 16.32 
17.39 
  PO 
  PVA1.0-Control-2 G V 46 758 45.32 43.5 17.16   PO 
  PVA1.0-Control-3 G V 46 758 45.32 47.4 18.69   PO 
  PVA0.5-50-30-1 G V    40.5 15.99 
15.96 
0.96 
0.96 
PO 
  PVA0.5-50-30-2 G V    40.8 16.09 0.96 PO 
  PVA0.5-50-30-3 G V    40.0 15.79 0.95 PO 
  PVA0.5-50-45-1 G V    42.0 16.58 
15.50 
0.99 
0.93 
PO 
  PVA0.5-50-45-2 G V    37.8 14.91 0.89 PO 
  PVA0.5-50-45-3 G V    38.1 15.02 0.90 PO 
  PVA0.5-50-60-1 G V    38.8 15.33 
15.16 
0.92 
0.91 
PO 
  PVA0.5-50-60-2 G V    39.9 15.75 0.94 PO 
  PVA0.5-50-60-3 G V    36.5 14.41 0.86 PO 
  PVA0.5-70-30-1 G V    39.4 15.57 
15.61 
0.93 
0.94 
PO 
  PVA0.5-70-30-2 G V    40.7 16.08 0.96 PO 
  PVA0.5-70-30-3 G V    38.4 15.17 0.91 PO 
  PVA0.5-70-45-1 G V    40.6 16.04 
14.88 
0.96 
0.89 
PO 
  PVA0.5-70-45-2 G V    37.7 14.88 0.89 PO 
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  PVA0.5-70-45-3 G V    34.7 13.71 0.82 PO 
  PVA0.5-70-60-1 G V    38.6 15.24 
13.48 
0.91 
0.88 
PO 
  PVA0.5-70-60-2 G V    35.5 14 0.84 PO 
  PVA0.5-70-60-3 G V    28.4 11.2 0.67 PO 
  PVA1.0-50-30-1 G V    46.0 18.16 
17.97 
1.04 
1.03 
PO 
  PVA1.0-50-30-2 G V    45.6 18 1.04 PO 
  PVA1.0-50-30-3 G V    45.0 17.75 1.02 PO 
  PVA1.0-50-45-1 G V    42.9 16.93 
17.51 
0.97 
1.01 
PO 
  PVA1.0-50-45-2 G V    45.3 17.88 1.03 PO 
  PVA1.0-50-45-3 G V    44.9 17.72 1.02 PO 
  PVA1.0-50-60-1 G V    44.0 17.35 
17.16 
1.00 
0.99 
PO 
  PVA1.0-50-60-2 G V    43.6 17.2 0.99 PO 
  PVA1.0-50-60-3 G V    42.9 16.93 0.97 PO 
  PVA1.0-70-30-1 G V    42.5 16.78 
17.59 
0.96 
1.01 
PO 
  PVA1.0-70-30-2 G V    45.3 17.88 1.03 PO 
  PVA1.0-70-30-3 G V    45.9 18.11 1.04 PO 
  PVA1.0-70-45-1 G V    44.1 17.41 
17.25 
1.00 
0.99 
PO 
  PVA1.0-70-45-2 G V    40.6 16.04 0.92 PO 
  PVA1.0-70-45-3 G V    46.4 18.3 1.05 PO 
  PVA1.0-70-60-1 G V    43.5 17.16 
15.31 
0.99 
0.96 
PO 
  PVA1.0-70-60-2 G V    40.8 16.09 0.93 PO 
  PVA1.0-70-60-3 G V    32.1 12.68 0.73 PO 
              
              
Wang et al. (2018) 
G6-Control G E  607 16 9.8 10.79 
8.98 
  PO 
 G E  607 16 7.8 8.65   PO 
   G E  607 16 6.8 7.49   PO 
  G6-30-30 G E    8.6 9.54 
9.10 
1.06 
1.01 
u 
   G E    9.3 10.25 1.14 u 
   G E    6.8 7.52 0.84 u 
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  G6-30-60 G E    8.0 8.81 
8.24 
0.98 
0.92 
u 
   G E    7.5 8.27 0.92 u 
   G E    6.9 7.65 0.85 u 
  G6-30-120 G E    5.6 6.24 
7.19 
0.70 
0.80 
u 
   G E    7.5 8.32 0.93 u 
   G E    6.4 7.02 0.78 u 
  G6-60-30 G E    7.5 8.34 
7.38 
0.93 
0.82 
u 
   G E    7.4 8.21 0.91 u 
   G E    5.0 5.58 0.62 u 
  G6-60-60 G E    6.4 7.03 
7.23 
0.78 
0.81 
u 
   G E    7.4 8.13 0.91 u 
   G E    5.9 6.53 0.73 u 
  G6-60-120 G E    4.0 4.45 
4.12 
0.50 
0.46 
u 
   G E    3.4 3.79 0.42 u 
   G E     -  u 
  G6-80-30 G E    6.3 6.97 
6.54 
0.78 
0.73 
u 
   G E    7.1 7.8 0.87 u 
   G E    4.4 4.84 0.54 u 
  G6-80-60 G E    5.8 6.39 
6.44 
0.71 
0.72 
u 
   G E    5.3 5.89 0.66 u 
   G E    6.4 7.03 0.78 u 
  G6-80-120 G E    4.6 5.04 
4.24 
0.56 
0.47 
u 
   G E    3.1 3.44 0.38 u 
   G E     -  u 
  C6-Control C E  2105 16 9.3 10.25 
10.34 
 
 
PO 
   C E  2105 16 8.8 9.74  PO 
   C E  2105 16 10.0 11.02  PO 
  C6-30-30 C E    12.3 13.56 
12.55 
1.31 
1.21 
PO 
   C E    10.4 11.54 1.12 PO 
   C E     -  PO 
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  C6-30-60 C E    7.3 8.02 
9.30 
0.78 
0.90 
PO 
   C E    10.4 11.54 1.12 PO 
   C E    7.6 8.35 0.81 PO 
  C6-30-120 C E    7.6 8.39 
9.66 
0.81 
0.93 
PO 
   C E    10.9 12.04 1.16 PO 
   C E    7.7 8.55 0.83 PO 
  C6-60-60 C E    6.5 7.2 
7.00 
0.70 
0.68 
PO 
   C E    7.2 7.92 0.77 PO 
   C E    5.3 5.89 0.57 PO 
  C6-60-120 C E    3.6 4.01 
4.29 
0.39 
0.41 
PO 
   C E    3.8 4.24 0.41 PO 
      C E       4.2 4.61 0.45 PO 
 
3.14.2.4 Acid 
Reference and other 
details 
Specimen 
ID 
Materials Pull-out test results 
FRP Concrete Joint strength 
Bar & Resin 
Types 
Ef  
(GPa) 
ff  
(MPa) 
fcm 
(MPa) 
Pult 
(kN) 
Max. 
τ  
(Mpa) 
Avg. τ  
(Mpa) 
Norm 
Avg. 
Norm 
Failure 
modec 
               
Al-Dulaijan et la. (2001) 
SGV G V 46..6  45 3.712 1.47 1.47   PO 
SGV-AC G V 44.5   3.946 1.56 1.56 1.06 1.06 PO 
  MGV G V 46.6 
  24.17 9.54 9.54   PO 
  MGV-AC G V 42.4 
  21.09 8.33 8.33 0.87 0.87 PO 
               
               
Zhou et al. (2011) 
GC-30 G P 33 400 27.16 27.2 8.46 8.46   SP 
GC-45 G P 33 400 27.16 28.0 8.70 8.70   SP 
  GC-60 G P 33 400 27.16 28.1 8.75 8.75   SP 
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  GC-75 G P 33 400 27.16 28.8 8.95 8.95   SP 
  GpH2-30 G P    24.6 7.64 7.64 0.90 0.90 SP 
  GpH2-45 G P    23.1 7.19 7.19 0.85 0.85 SP 
  GpH2-60 G P    23.4 7.28 7.28 0.86 0.86 SP 
  GpH2-75 G P    22.4 6.97 6.97 0.82 0.82 SP 
  GpH3-30 G P    24.8 7.71 7.71 0.91 0.91 SP 
  GpH3-45 G P    25.4 7.89 7.89 0.93 0.93 SP 
  GpH3-60 G P    24.4 7.58 7.58 0.90 0.90 SP 
  GpH3-75 G P    24.1 7.51 7.51 0.89 0.89 SP 
  GpH4-30 G P 
   26.1 8.11 8.11 0.96 0.96 SP 
  GpH4-45 G P 
   25.5 7.94 7.94 0.94 0.94 SP 
  GpH4-60 G P 
   24.9 7.73 7.73 0.91 0.91 SP 
  GpH4-75 G P 
   24.8 7.71 7.71 0.91 0.91 SP 
               
               
Zhou et al. (2012) 
GC-90 G P 33 400 27.16 28.2 8.76 8.76   SP 
GpH2-90 G P    22.4 6.97 6.97 0.82  SP 
               
               
Altalmas et al. (2015) 
BC-1 B E 50 1168 48 59.7 26.39 
27.84 
  PO 
BC-2 B E 50 1168 48 58.4 25.8   PO 
  BC-3 B E 50 1168 48 64.4 28.48 
  PO 
  BC-4 B E 50 1168 48 63.4 28.02 
  PO 
  BC-5 B E 50 1168 48 69.0 30.51 
  PO 
  GC-1 G V 50 1000 48 42.7 18.89 
18.42 
  PO 
  GC-2 G V 50 1000 48 42.8 18.92 
  PO 
  GC-3 G V 50 1000 48 39.4 17.44 
  PO 
  BA-30-1 B E 
  59.2 53.5 23.66 
23.22 
0.85 
0.83 
PO 
  BA-30-2 B E 
  59.2 48.2 21.31 0.77 PO 
  BA-30-3 B E 
  59.2 55.8 24.69 0.89 PO 
  GA-30-1 G V 
  59.2 47.3 20.89 
20.77 
1.13 
1.13 
PO 
  GA-30-2 G V 
  59.2 41.8 18.47 1.00 SP 
  GA-30-3 G V 
  59.2 46.7 20.65 1.12 PO 
  BA-60-1 B E 
  51.6 55.9 24.7 
22.92 
0.89 
0.82 
PO 
  BA-60-2 B E 
  51.6 40.0 17.67 0.63 PO 
  BA-60-3 B E 
  51.6 59.7 26.39 0.95 PO 
  GA-60-1 G V 
  51.6 40.4 17.84 16.83 0.97 0.91 PO 
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  GA-60-2 G V 
  51.6 39.2 17.35 0.94 SP 
  GA-60-3 G V 
  51.6 35.8 15.82 0.86 PO 
  BA-90-1 B E 
  44 54.7 24.2 
22.74 
0.87 
0.82 
PO 
  BA-90-2 B E 
  44 52.1 23.03 0.83 PO 
  BA-90-3 B E 
  44 47.5 21 0.75 PO 
  GA-90-1 G V 
  44 30.2 13.33 
18.52 
0.72 
1.01 
SP 
  GA-90-2 G V 
  44 41.9 18.52 1.01 PO 
    GA-90-3 G V     44 31.1 13.74 0.75 SP 
 
3.14.2.5 Freeze/thaw 
Reference and other 
details 
Specimen ID 
Materials Pull-out test results 
FRP Concrete Joint strength 
Bar & Resin 
Types 
Ef  
(GPa) 
ff  
(MPa) 
fcm 
(MPa) 
Pult 
(kN) 
Max. 
τ  
(Mpa) 
Avg. 
τ  
(Mpa) 
Norm 
Avg. 
Norm 
Failure 
modec 
              
              
Mashima & Iwamoto 1993 
G-Control G U 43 1314 27.5 
  
 1 
 
U 
G-20 G U    
  
 1.02 1.02 U 
  G-40 G U    
  
 0.89 0.89 U 
  G-60 G U    
  
 1.15 1.15 U 
  G-120 G U    
  
 1.13 1.13 U 
  G-160 G U    
  
 1.03 1.03 U 
  G-200 G U    
  
 0.81 0.81 U 
  G-240 G U    
  
 1.07 1.07 U 
  G-280 G U    
  
 0.91 0.91 U 
  C-Control C U 137 1765 27.5 
  
 1.04  U 
  C-Control C U 137 1765 27.5 
  
 0.95 U 
  C-20 C U    
  
 1.11 0.99 
U 
  C-20 C U    
  
 1.04 U 
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  C-20 C U    
  
 0.83 U 
  C-40 C U    
  
 1.23 
0.69 
U 
  C-40 C U    
  
 1.02 U 
  C-40 C U    
  
 0.47 U 
  C-40 C U    
  
 0.04 U 
  C-60 C U    
  
 1.18 
1.06 
U 
  C-60 C U    
  
 1.12 U 
  C-60 C U    
  
 0.89 U 
  C-80 C U    
  
 0.61 0.61 U 
  C-100 C U    
  
 0.47 0.315 
U 
  C-100 C U    
  
 0.16 U 
  C-120 C U    
  
 0.93 0.93 U 
  C-140 C U    
  
 0.96 
0.80 
U 
  C-140 C U    
  
 0.84 U 
  C-140 C U    
  
 0.59 U 
  C-160 C U    
  
 0.76 0.63 
U 
  C-160 C U    
  
 0.5 U 
  C-180 C U    
  
 0.81 0.79 
U 
  C-180 C U    
  
 0.77 U 
  C200 C U    
  
 0.96 0.96 U 
  CC-Control C U 125 1589 27.5 
  
 1 
 
U 
  CC-120 C U    
  
 0.83 0.83 U 
  CC-180 C U    
  
 0.95 0.95 U 
  CC-240 C U    
  
 1.11 1.11 U 
  CC-300 C U    
  
 1.12 1.12 U 
  CC-360 C U    
  
 0.78 0.78 U 
  CC-420 C U    
  
 1.15 1.15 U 
  CC-600 C U    
  
 1.2 1.2 U 
  V-Control V U 36.3 765 27.5 
  
 1.03  U 
  V-Control V U 36.3 765 27.5 
  
 1.02  U 
  V-Control V U 36.3 765 27.5 
  
 0.96  U 
  V-20 V U    
  
 1.06 1.07 
U 
  V-20 V U    
  
 1.07 U 
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  V-20 V U    
  
 1.08 U 
  V-40 V U    
  
 1.10 1.06 
U 
  V-40 V U    
  
 1.02 U 
  V-60 V U    
  
 1.13 
1.07 
U 
  V-60 V U    
  
 1.06 U 
  V-60 V U    
  
 1.03 U 
  V-80 V U    
  
 1.06 
1.08 
U 
  V-80 V U    
  
 1.08 U 
  V-80 V U    
  
 1.09 U 
  V-100 V U    
  
 1.08 1.06 
U 
  V-100 V U    
  
 1.03 U 
  V-140 V U    
  
 1.02 
0.99 
U 
  V-140 V U    
  
 0.98 U 
  V-140 V U    
  
 0.96 U 
  V-180 V U    
  
 1.08 
1.04 
U 
  V-180 V U    
  
 1.05 U 
  V-180 V U    
  
 0.99 U 
  V-220 V U    
  
 1.01 
0.97 
U 
  V-220 V U    
  
 0.96 U 
  V-220 V U    
  
 0.95 U 
  V-260 V U    
  
 1.03 
0.99 
U 
  V-260 V U    
  
 0.99 U 
  V-260 V U    
  
 0.96 U 
  V-300 V U    
  
 1.05 
0.99 
U 
  V-300 V U    
  
 1.00 U 
  V-300 V U    
  
 0.91 U 
  A-Control A U 53 1863 27.5 
  
 1.07  U 
  A-Control A U 53 1863 27.5 
  
 0.93  U 
  A-20 A U    
  
 1.13 1.04 
U 
  A-20 A U    
  
 0.94 U 
  A-40 A U    
  
 0.82 0.80 
U 
  A-40 A U    
  
 0.78 U 
  A-60 A U    
  
 0.93 0.93 U 
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  A-80 A U    
  
 0.79 0.79 U 
  A-100 A U    
  
 0.9 0.81 
U 
  A-100 A U    
  
 0.72 U 
  A-120 A U    
  
 0.9 0.84 
U 
  A-120 A U    
  
 0.78 U 
  A-160 A U    
  
 0.89 0.88 
U 
  A-160 A U    
  
 0.86 U 
  A-180 A U    
  
 0.9 
0.59 
U 
  A-180 A U    
  
 0.59 U 
  A-180 A U    
  
 0.29 U 
  A-200 A U    
  
 0.91 0.91 U 
  A-220 A U    
  
 0.75 0.75 U 
  A-240 A U    
  
 0.73 
0.69 
U 
  A-240 A U    
  
 0.68 U 
  A-240 A U    
  
 0.65 U 
  A-260 A U    
  
 0.7 
0.52 
U 
  A-260 A U    
  
 0.13 U 
  A-280 A U    
  
 0.73 U 
  A-280 A U    
  
 0.17 0.17 U 
  A-300 A U    
  
 0.81 0.51 
U 
  A-300 A U    
  
 0.21 U 
  AB-Control A  64.7 1569 27.5 
  
 1.08  U 
  AB-Control A  64.7 1569 27.5 
  
 0.98  U 
  Ab-Control A  64.7 1569 27.5 
  
 0.94  U 
  AB-60 A U    
  
 1.12 
1.00 
U 
  AB-60 A U    
  
 1.09 U 
  AB-60 A U    
  
 0.79 U 
  AB-120 A U    
  
 1.17 
1.08 
U 
  AB-120 A U    
  
 1.12 U 
  AB-120 A U    
  
 0.94 U 
  AB-180 A U    
  
 1.17 
0.90 
U 
  AB-180 A U    
  
 0.82 U 
  AB-180 A U    
  
 0.7 U 
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  AB-240 A U    
  
 0.79 
0.71 
U 
  AB-240 A U     
 
 0.67 U 
  AB-240 A U     
 
 0.66 U 
  AB-300 A U     
 
 0.83 
0.77 
U 
  AB-300 A U     
 
 0.8 U 
  AB-300 A U     
 
 0.67 U 
  AB-360 A U     
 
 0.79 
0.62 
U 
  AB-360 A U     
 
 0.61 U 
  AB-360 A U     
 
 0.46 U 
  AB-420 A U     
 
 0.84 
0.73 
U 
  AB-420 A U     
 
 0.8 U 
  AB-420 A U     
 
 0.55 U 
  AB-480 A U     
 
 0.6 
0.54 
U 
  AB-480 A U     
 
 0.59 U 
  AB-480 A U     
 
 0.44 U 
  AB-540 A U     
 
 0.58 
0.41 
U 
  AB-540 A U     
 
 0.35 U 
  AB-540 A U     
 
 0.31 U 
  AB-600 A U     
 
 0.76 
0.58 
U 
  AB-600 A U     
 
 0.55 U 
  AB-600 A U     
 
 0.43 U 
     
  
       
Alvarez et al. (2007) 
C-D9.5-5d-C C U 122 1444 41 23.39 16.5  
  PO 
C-D9.5-5d-FT100 C U - - - 20.98 14.8  0.90 0.90 PO 
  C-D9.5-5d-FT200 C U - - - 21.97 15.5  0.94 0.94 PO 
  G-D9.5-5d-C G U 46.7 663 41 21.41 15.1  
  PO 
  G-D9.5-5d-FT100 G U - - - 20.41 14.4  0.95 0.95 PO 
  G-D9.5-5d-FT200 G U - - - 20.70 14.6  0.97 0.97 PO 
  G-D12.7-5d-C G U 42.7 830 41 36.48 14.4  
  PO 
  G-D12.7-5d-FT100 G U - - - 37.75 14.9  1.03 1.03 PO 
  G-D12.7-5d-FT200 G U - - - 36.99 14.6  1.01 1.01 PO 
  G-D15.9-5d-C G U 44.6 727 41 60.36 15.2  
  PO 
  G-D15.9-5d-FT100 G U - - - 59.17 14.9  0.98 0.98 PO 
  G-D15.9-5d-FT200 G U - - - 57.18 14.4  0.95 0.95 PO 
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  G-D19.1-5d-C G U 44 637 41 72.20 12.6  
  PO 
  G-D19.1-5d-FT100 G U - - - 69.91 12.2  0.97 0.97 PO 
  G-D19.1-5d-FT200 G U - - - 61.32 10.7  0.85 0.85 PO 
              
              
Davalos et al. (2008) 
GFRP 1 G V 45.8 856 63.4 28.47 20.08 
19.61 
  PO 
GFRP 1 G V 45.8 856 63.4 28.38 20.02   PO 
  GFRP 1 G V 45.8 856 63.4 26.57 18.74 
  PO 
  GFRP 2 G V 40.8 690 62.7 55.21 21.79 
21.39 
  PO 
  GFRP 2 G V 40.8 690 62.7 50.14 19.79 
  PO 
  GFRP 2 G V 40.8 690 62.7 57.21 22.58 
  PO 
  GFRP 3 G V 49.4 840 58.7 32.53 22.95 
23.42 
  PO 
  GFRP 3 G V 49.4 840 58.7 34.12 24.07 
  PO 
  GFRP 3 G V 49.4 840 58.7 32.93 23.23 
  PO 
  CFRP C E 124 2587 57.3 32.25 25.35 
22.26 
  PO 
  CFRP C E 124 2587 57.3 26.02 20.45 
  PO 
  CFRP C E 124 2587 57.3 26.69 20.98 
  PO 
  GFRP 1 G V - - 57.9 19.89 14.03 
16.16 
0.72 
0.82 
PO 
  GFRP 1 G V - - 57.9 26.96 19.02 0.97 PO 
  GFRP 1 G V - - 57.9 21.87 15.43 0.79 PO 
  GFRP 2 G V - - 59.4 53.10 20.96 
19.24 
0.98 
0.90 
PO 
  GFRP 2 G V - - 59.4 43.32 17.1 0.80 PO 
  GFRP 2 G V - - 59.4 49.81 19.66 0.92 PO 
  GFRP 3 G V - - 56.7 23.92 16.87 
19.30 
0.72 
0.82 
PO 
  GFRP 3 G V - - 56.7 25.28 17.83 0.76 PO 
  GFRP 3 G V - - 56.7 32.89 23.2 0.99 PO 
  CFRP C E - - 58.7 26.91 21.15 
21.27 
0.95 
0.96 
PO 
  CFRP C E - - 58.7 27.14 21.33 0.96 PO 
  CFRP C E - - 58.7 27.14 21.33 0.96 PO 
  
            
Ammar (2014) 
B8-56-1 B E 48 1168 49.3 19.84 14.1 
16.57 
  PO 
B8-56-2 B E 48 1168 49.3 19.72 14.01   PO 
  B8-56-3 B E 48 1168 49.3 30.40 21.6   PO 
  B10-70-1 B E 48 1168 49.3 39.80 18.1 
16.62 
  PO 
  B10-70-2 B E 48 1168 49.3 37.63 17.11   PO 
  B10-70-3 B E 48 1168 49.3 32.20 14.64   PO 
  B12-84-1 B E 48 1168 49.3 56.91 17.97 14.73   PO 
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  B12-84-2 B E 48 1168 49.3 39.11 12.35   PO 
  B12-84-3 B E 48 1168 49.3 43.92 13.87   PO 
  B8-56-100-1 B E   53 26.14 18.57 
17.24 
1.12 
1.04 
PO 
  B8-56-100-2 B E   53 23.43 16.65 1.00 SP 
  B8-56-100-3 B E   53 22.38 15.9 0.96 PO 
  B10-70-100-1 B E   53 35.54 16.16 
18.24 
0.97 
1.10 
PO 
  B10-70-100-2 B E   53 43.19 19.64 1.18 PO 
  B10-70-100-3 B E   53 41.59 18.91 1.14 PO 
  B12-84-100-1 B E   53 55.80 17.62 
19.71 
1.20 
1.34 
SP 
  B12-84-100-2 B E   53 41.64 13.15 0.89 SP 
  B12-84-100-3 B E   53 62.42 19.71 1.34 PO 
  B8-56-200-1 B E   55 23.63 16.79 
18.66 
1.01 
1.13 
PO 
  B8-56-200-2 B E   55 31.91 22.67 1.37 PO 
  B8-56-200-3 B E   55 23.26 16.53 1.00 PO 
  B10-70-200-1 B E   55 36.20 16.46 
16.84 
0.99 
1.01 
PO 
  B10-70-200-2 B E   55 38.86 17.67 1.06 PO 
  B10-70-200-3 B E   55 36.04 16.39 0.99 PO 
  B12-84-200-1 B E   55 44.78 14.14 
15.29 
0.96 
1.04 
PO 
  B12-84-200-2 B E   55 52.00 16.42 1.11 PO 
  B12-84-200-3 B E   55 48.51 15.32 1.04 PO 
  G10-70-1 G V 53 941 49.3 38.15 17.35 
18.77 
 
 
SP 
  G10-70-2 G V 53 941 49.3 40.07 18.22  SP 
  G10-70-3 G V 53 941 49.3 45.63 20.75  SP 
  G10-70-100-1 G V   53 44.53 20.25 
20.15 
1.08 
1.07 
PO 
  G10-70-100-2 G V   53 44.97 20.45 1.09 PO 
  G10-70-100-3 G V   53 43.45 19.76 1.05 PO 
  G10-70-200-1 G V   55 47.35 21.53 
20.84 
1.15 
1.11 
PO 
  G10-70-200-2 G V   55 44.91 20.42 1.09 PO 
  G10-70-200-3 G V   55 45.21 20.56 1.10 PO 
              
              
Calvet et al. (2015) 
CS8 C V 151.9  34.93 5.8 9.13 
9.15 
  PO 
 C V 151.9  44.6 5.4 8.48   PO 
 C V 151.9  36.84 5.7 8.97   PO 
 C V 151.9  37.13 5.1 7.98   PO 
  
 C V 151.9  42.31 7.1 11.19   PO 
  CS14 C V 144 
 34.93 27.4 10.8 13.26   PO 
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 C V 144  44.6 37.0 14.61   PO 
  
 C V 144  36.84 31.2 12.32   PO 
  
 C V 144  37.13 34.8 13.72   PO 
  
 C V 144  42.31 37.6 14.85   PO 
  CR12 C URE 120.9 
 34.93 24.4 17.2 
18.57 
  PO 
  
 C URE 120.9  44.6 29.7 20.94   PO 
  
 C URE 120.9  36.84 25.8 18.18   PO 
  
 C URE 120.9  37.13 24.2 17.04   PO 
  
 C URE 120.9  42.31 27.6 19.49   PO 
  CDT13 C E 144.8 
 34.93 7.5 5.24 
7.225 
  PO 
  
 C E 144.8  44.6 9.7 6.82   PO 
  
 C E 144.8  36.84 7.8 5.45   PO 
  
 C E 144.8  37.13 16.2 11.39   PO 
  CS8 C V 
   5.9 9.28 
11.56 
1.01 
1.26 
PO 
  
 C V    8.3 13.18 1.44 PO 
  
 C V    7.3 11.51 1.26 PO 
  
 C V    6.7 10.59 1.16 PO 
  
 C V    8.4 13.24 1.45 PO 
  CS14 C V 
   41.0 16.19 
16.942 
1.22 
1.28 
PO 
  
 C V    42.9 16.95 1.28 PO 
  
 C V    43.5 17.16 1.29 PO 
  
 C V    41.0 16.2 1.22 PO 
  
 C V    46.1 18.21 1.37 PO 
  CR12 C V 
   27.3 19.26 
20.53 
1.04 
1.11 
PO 
  
 C V    29.4 20.72 1.12 PO 
  
 C V    27.1 19.1 1.03 PO 
  
 C V    31.7 22.38 1.21 PO 
  
 C V    30.0 21.19 1.14 PO 
  CDT13 C E 
   15.0 10.51 
10.426 
1.45 
1.44 
PO 
  
 C E    14.4 10.13 1.40 PO 
  
 C E    14.6 10.27 1.42 PO 
  
 C E    16.0 11.24 1.56 PO 
  
 C E    14.2 9.98 1.38 PO 
          
   
 
              
Yan et al. (2016) 
M2-A-3.0-1 G V 46 758 43.09 43.7 17.26 
17.30 
  PO 
M2-A-3.0-2 G V 46 758 43.09 45.7 18.04   PO 
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  M2-A-3.0-3 G V 46 758 43.09 42.0 16.59 
  PO 
  M3-A-4.5-1 G V 46 758 46.73 48.4 19.11 
18.86 
  PO 
  M3-A-4.5-2 G V 46 758 46.73 47.0 18.57 
  PO 
  M3-A-4.5-3 G V 46 758 46.73 47.9 18.89 
  PO 
  M2-B-3.0-1 G V 
   40.4 15.94 
15.31 
0.92 
0.89 
SP 
  M2-B-3.0-2 G V 
   37.2 14.68 0.85 SP 
  M3-B-4.5-1 G V 
   45.8 18.07 
18.27 
0.96 
0.97 
PO 
  M3-B-4.5-2 G V 
   46.6 18.41 0.98 PO 
  M3-B-4.5-3 G V 
   46.4 18.33 0.97 PO 
              
  M2-B-3.0-1 G V 
   37.6 14.85 
14.87 
0.86 
0.86 
SP 
  M2-B-3.0-2 G V 
   38.3 15.1 0.87 SP 
  M2-B-3.0-3 G V 
   37.1 14.66 0.85 SP 
  M3-B-4.5-1 G V 
   43.4 17.12 
17.34 
0.91 
0.92 
PO 
  M3-B-4.5-2 G V 
   44.5 17.56 0.93 PO 
    M3-B-4.5-3 G V       44.0 17.35 0.92 PO 
 
3.14.2.6 Elevated temperature 
Reference and other 
details 
Specimen ID 
Materials Pull-out test results 
FRP Concrete Joint strength 
Bar & 
Resin 
Types 
Tg(°C) T/Tg Ef (GPa) ff (MPa) 
fcm 
(MPa) 
Pult 
(kN) 
Max. 
τ  
(Mpa) 
Avg. 
τ  
(Mpa) 
Norm 
Avg. 
Norm 
Failure 
modec 
                 
Katz et al. (1999) 
CB G V 124 0.161 42  28.0 34.2 13.61 
13.26 
  PO 
 G V 124 0.161 42  28.0 32.4 12.9   PO 
   G V 124 0.403    37.2 14.8 14.80 1.12 1.12 PO 
   G V 124 0.605    26.9 10.72 10.72 0.81 0.81 PO 
   G V 124 0.645    30.2 12.03 12.03 0.91 0.91 PO 
   G V 124 0.847   21.7 22.3 8.88 8.88 0.67 0.67 PO 
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   G V 124 0.927   21.7 23.4 9.29 
8.11 
0.61 0.61 PO 
   G V 124 0.927   21.7 17.4 6.92 0.61 0.61 PO 
   G V 124 1.008    12.1 4.8 
5.73 
0.43 0.43 PO 
   G V 124 1.008    16.7 6.66 0.43 0.43 PO 
   G V 124 1.048    21.1 8.4 8.42 0.64 0.64 PO 
   G V 124 1.089    8.8 3.51 3.51 0.26 0.26 PO 
   G V 124 1.290    4.8 1.89 1.89 0.14 0.14 PO 
   G V 124 1.613    3.6 1.43 1.43 0.11 0.11 PO 
   G V 124 1.653   18.1 2.5 1 1.00 0.08 0.08 PO 
   G V 124 1.976    1.9 0.75 0.75 0.06 0.06 PO 
   G V 124 2.258    2.1 0.85 0.85 0.06 0.06 PO 
  CPH  G V 122 0.164 53.5  28.0 35.6 14.89 
14.19 
  PO 
   G V 122 0.164 53.5  28.0 33.9 13.49   PO 
   G V 122 0.656    26.3 10.47 10.47 0.74 0.74 PO 
   G V 122 0.738    24.2 9.61 9.61 0.68 0.68 PO 
   G V 122 0.820   21.7 18.8 7.46 7.46 0.53 0.53 PO 
   G V 122 1.066    12.7 5.04 5.04 0.36 0.36 PO 
   G V 122 1.475    4.0 1.6 1.60 0.11 0.11 PO 
   G V 122 1.598    3.4 1.37 1.37 0.10 0.10 PO 
   G V 122 1.844   18.1 5.2 2.08 2.08 0.15 0.15 PO 
   G V 122 2.213    3.7 1.46 1.46 0.10 0.10 PO 
  CPI  G V 95 0.211 40  28.0 27.6 10.97 
10.88 
  PO 
   G V 95 0.211 40  28.0 27.1 10.78   PO 
   G V 95 0.863    17.7 7.05 7.05 0.65 0.65 PO 
   G V 95 1.368   21.7 11.9 6.68 6.68 0.61 0.61 PO 
   G V 95 1.737    12.5 4.98 4.98 0.46 0.46 PO 
   G V 95 2.158    2.9 1.17 1.17 0.11 0.11 PO 
   G V 95 2.421   18.1 5.0 1.99 1.99 0.18 0.18 PO 
  NG G P 60 0.333 40  28.0 11.0 4.36 
4.09 
  PO 
   G P 60 0.333 40  28.0 9.6 3.81   PO 
 241 
   G P 60 1.500    4.6 1.84 1.84 0.45 0.45 PO 
   G P 60 2.667    1.9 0.75 0.75 0.18 0.18 PO 
   G P 60 3.500   18.1 2.2 0.86 0.86 0.21 0.21 PO 
                
Balazs-Adorjan et al. 
(2005) 
CT-Control-10 C U 
  158.8 2700 35.0 1.7 4.43 
 
  SP 
CT-Control-20 C U 
  158.8 2700 35.0 3.5 8.93 
  PO 
  CT-Control-30 C U 
  158.8 2700 35.0 4.0 10.17 
  PO 
  CT-50-10 C U 
   
  1.6 4.19 4.19 0.95 0.95 SP 
  CT-50-20 C U 
   
  2.3 5.89 5.89 0.66 0.66 PO 
  CT-50-30 C U 
   
  2.8 7.09 7.09 0.70 0.70 PO 
  CT-75-10 C U 
   
  1.6 4.12 4.12 0.93 0.93 SP 
  CT-75-20 C U 
   
  2.0 5.15 5.15 0.58 0.58 SP 
  CT-75-30 C U 
   
  2.3 5.81 5.81 0.57 0.57 SP 
  CT-100-20 C U 
   
  1.9 4.85 4.85 0.54 0.54 PO 
  CT-100-30 C U 
   
  2.1 5.38 5.38 0.53 0.53 PO 
  CT-200-10 C U 
   
  0.9 2.23 2.23 0.50 0.50 PO 
  CT-200-20 C U 
   
  0.9 2.22 2.22 0.25 0.25 PO 
  CT-200-30 C U 
   
  1.0 2.49 2.49 0.24 0.24 PO 
     
  
     
 
   
Abbasi and Hogg (2005) 
W-Control-30 G P 
  40.8 655 32.0 22.4 9.9  
  PO 
W-Control-120 G P 
  40.8 655 32.0 32.5 14.36  
  PO 
 
W-Control-240 G P 
  40.8 655 32.0 37.0 16.37  
  PO 
W-30-40 G P 
  
   22.0 9.71 9.71 0.98 0.98 PO 
  W-30-60 G P 
  
   20.6 9.11 9.11 0.92 0.92 PO 
  W-30-80 G P 
  
   20.4 9.02 9.02 0.91 0.91 PO 
  W-30-100 G P 
  
   14.5 6.39 6.39 0.65 0.65 PO 
  W-30-120 G P 
  
   13.9 6.13 6.13 0.62 0.62 PO 
  W-120-40 G P 
  
   27.3 12.09 12.09 0.84 0.84 PO 
  W-120-60 G P 
  
   25.5 11.27 11.27 0.78 0.78 PO 
  W-120-80 G P 
  
   21.9 9.7 9.7 0.68 0.68 PO 
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  W-120-100 G P 
  
   20.0 8.83 8.83 0.61 0.61 PO 
  W-120-120 G P 
  
   15.3 6.76 6.76 0.47 0.47 PO 
  W-240-40 G P 
  
   35.2 15.57 15.57 0.95 0.95 PO 
  W-240-60 G P 
  
   31.9 14.11 14.11 0.86 0.86 PO 
  W-240-80 G P 
  
   30.2 13.33 13.33 0.81 0.81 PO 
  W-240-100 G P 
  
   26.4 11.67 11.67 0.71 0.71 PO 
  W-240-240 G P 
  
   19.7 8.73 8.73 0.53 0.53 PO 
     
  
     
 
   
  A-Control-30 G P 
  40.8 655 32.0 22.9 10.14  
  PO 
  A-Control-120 G P 
  40.8 655 32.0 32.5 14.36  
  PO 
  A-Control-240 G P 
  40.8 655 32.0 37.0 16.36  
  PO 
  A-30-40 G P 
  
   20.7 9.17 9.17 0.90 0.90 PO 
  A-30-60 G P 
  
   21.1 9.33 9.33 0.92 0.92 PO 
  A-30-80 G P 
  
   20.7 9.13 9.13 0.90 0.90 PO 
  A-30-100 G P 
  
   10.9 4.83 4.83 0.48 0.48 PO 
  A-30-120 G P 
  
   11.4 5.02 5.02 0.50 0.50 PO 
  A-120-40 G P 
  
   27.4 12.1 12.1 0.84 0.90 PO 
  A-120-60 G P 
  
   25.4 11.22 11.22 0.78 0.85 PO 
  A-120-80 G P 
  
   22.0 9.71 9.71 0.68 0.74 PO 
  A-120-100 G P 
  
   20.0 8.82 8.82 0.61 0.66 PO 
  A-120-120 G P 
  
   15.3 6.75 6.75 0.47 0.48 PO 
  A-240-40 G P 
  
   35.2 15.56 15.56 0.95 0.94 PO 
  A-240-60 G P 
  
   31.9 14.11 14.11 0.86 0.94 PO 
  A-240-80 G P 
  
   30.1 13.29 13.29 0.81 0.86 PO 
  A-240-100 G P 
  
   26.3 11.64 11.64 0.71 0.69 PO 
  A-240-240 G P 
  
   19.8 8.74 8.74 0.53 0.49 PO 
                
Alvarez et al. (2007) 
G-D9.5-5d-T20 G U 138 0.145 41 677 41.0 32.3 22.8 22.80   PO 
G-D9.5-5d-T40 G U 138 0.290    31.0 21.9 21.90 0.96 0.96 PO 
  G-D9.5-5d-T60 G U 138 0.435    31.5 22.2 22.20 0.97 0.97 PO 
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  G-D12.7-5d-T20 G U 138 0.145 42 637 41.0 42.3 16.7 16.70   PO 
  G-D12.7-5d-T40 G U 138 0.290    43.6 17.2 17.20 1.03 1.03 PO 
  G-D12.7-5d-T60 G U 138 0.435    38.8 15.3 15.30 0.92 0.92 PO 
                
  G-D15.9-5d-T20 G U 138 0.145 42 674 41.0 77.4 19.5 19.50   PO 
  G-D15.9-5d-T40 G U 138 0.290    63.5 16 16.00 0.82 0.82 PO 
  G-D15.9-5d-T60 G U 138 0.435    61.9 15.6 15.60 0.80 0.80 PO 
                
  G-D19.1-5d-T20 G U 138 0.145 43 687 41.0 100.9 17.6 17.60   PO 
  G-D19.1-5d-T40 G U 138 0.290    96.3 16.8 16.80 0.95 0.95 PO 
  G-D19.1-5d-T60 G U 138 0.435    74.5 13 13.00 0.74 0.74 PO 
                
  G-D9.5-10d-T20 G U 138 0.145 41 677 41.0 45.6 16.1 16.10   PO 
  G-D9.5-10d-T40 G U 138 0.290    43.4 15.3 15.30 0.95 0.95 F 
  G-D9.5-10d-T60 G U 138 0.435    44.8 15.8 15.80 0.98 0.98 F 
                
  G-D12.7-10d-T20 G U 138 0.145 42 637 41.0 73.0 14.4 14.40   F 
  G-D12.7-10d-T40 G U 138 0.290    67.4 13.3 13.30 0.92 0.92 F 
  G-D12.7-10d-T60 G U 138 0.435    71.4 14.1 14.10 0.98 0.98 F 
                
  G-D15.9-10d-T20 G U 138 0.145 42 674 41.0 103.2 13 13.00   F 
  G-D15.9-10d-T40 G U 138 0.290    105.6 13.3 13.30 1.02 1.02 F 
  G-D15.9-10d-T60 G U 138 0.435    92.1 11.6 11.60 0.89 0.89 F 
                
  G-D19.1-10d-T20 G U 138 0.145 43 687 41.0 138.7 12.1 12.10   F 
  G-D19.1-10d-T40 G U 138 0.290    127.2 11.1 11.10 0.92 0.92 F 
  G-D19.1-10d-T60 G U 138 0.435    96.3 8.4 8.40 0.69 0.69 F 
                
  G-D9.5-15d-T20 G U 138 0.145 41 677 41.0 46.8 11 11.00   F 
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  G-D9.5-15d-T40 G U 138 0.290    43.4 10.2 10.20 0.93 0.93 F 
  G-D9.5-15d-T60 G U 138 0.435    45.1 10.6 10.60 0.96 0.96 F 
                
  G-D12.7-15d-T20 G U 138 0.145 42 637 41.0 72.2 9.5 9.50   SP 
  G-D12.7-15d-T40 G U 138 0.290    78.3 10.3 10.30 1.08 1.08 SP 
  G-D12.7-15d-T60 G U 138 0.435    79.0 10.4 10.40 1.09 1.09 SP 
                
  G-D15.9-15d-T20 G U 138 0.145 42 674 41.0 98.9 8.3 8.30   F 
  G-D15.9-15d-T40 G U 138 0.290    113.2 9.5 9.50 1.14 1.14 F 
  G-D15.9-15d-T60 G U 138 0.435    107.2 9 9.00 1.08 1.08 F 
                
  G-D19.1-15d-T20 G U 138 0.145 43 687 41.0 111.7 6.5 6.50   SP 
  G-D19.1-15d-T40 G U 138 0.290    98.0 5.7 5.70 0.88 0.88 SP 
  G-D19.1-15d-T60 G U 138 0.435    103.1 6 6.00 0.92 0.92 SP 
                
                
Masmoudi et al. (2010) 
8G-20 G V 141 0.142 60 738 30.0 14.4 14.3    PO 
8G-40 G V 141 0.284    13.7 13.6 13.60 0.95 0.95 PO 
8G-60 G V 141 0.426    12.8 12.7 12.70 0.89 0.89 PO 
  8G-80 G V 141 0.567    11.3 11.2 11.20 0.78 0.78 PO 
  16G-20 G V 141 0.142 60 738 30.0 42.6 10.6  1.00 1.00 PO 
  16G-40 G V 141 0.284    40.6 10.1 10.10 0.95 0.95 PO 
  16G-60 G V 141 0.426    39.0 9.7 9.70 0.92 0.92 PO 
  16G-80 G V 141 0.567    30.6 7.6 7.60 0.72 0.72 PO 
                
Masmoudi et al. (2011) 
#8-4-20 G V 141 0.142 60 738 30.0 14.4 14.4 
 
  PO 
#8-4-40 G V 141 0.284    14.3 14.3 
 
0.99 0.99 PO 
#8-4-60 G V 141 0.426    14.2 14.1 
 
0.98 0.98 PO 
#8-4-80 G V 141 0.567    13.1 13.0 
 
0.91 0.91 PO 
  #16-4-20 G V 141 0.142 60 738 30.0 44.3 11.0 
 
  PO 
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  #16-4-40 G V 141 0.284    43.7 10.9 
 
0.99 0.99 PO 
  #16-4-60 G V 141 0.426    42.8 10.6 
 
0.97 0.97 PO 
  #16-4-80 G V 141 0.567    38.2 9.5 
 
0.86 0.86 PO 
  #8-8-20 G V 141 0.142 60 738 30.0 14.4 14.3 
 
  PO 
  #8-8-40 G V 141 0.284    14.3 14.2 
 
0.99 0.99 PO 
  #8-8-60 G V 141 0.426    14.1 14.0 
 
0.98 0.98 PO 
  #8-8-80 G V 141 0.567    13.0 12.9 
 
0.90 0.90 PO 
  #16-8-20 G V 141 0.142 60 738 30.0 44.4 11.0 
 
  PO 
  #16-8-40 G V 141 0.284    43.7 10.9 
 
0.98 0.98 PO 
  #16-8-60 G V 141 0.426    42.8 10.6 
 
0.96 0.96 PO 
  #16-8-80 G V 141 0.567    37.8 9.4 
 
0.85 0.85 PO 
                
                
El Refai et al. (2014) 
B1C-1 B E   50 1100 48.0 41.9 18.51 
20.65 
  PO 
B1C-2 B E   50 1100 48.0 42.9 18.98   PO 
  B1C-3 B E   50 1100 48.0 55.3 24.46   PO 
  B2C-1 B E 116 0.172 50 1168 48.0 59.7 26.39 
27.84 
  PO 
  B2C-2 B E 116 0.172 50 1168 48.0 58.4 25.8   PO 
  B2C-3 B E 116 0.172 50 1168 48.0 64.4 28.48   PO 
  B2C-4 B E 116 0.172 50 1168 48.0 63.4 28.02   PO 
  B2C-5 B E 116 0.172 50 1168 48.0 69.0 30.51   PO 
  GC-1 B V   50 1000 48.0 42.7 18.89 
18.42 
  PO 
  GC-2 B V   50 1000 48.0 42.8 18.92   PO 
  GC-3 B V   50 1000 48.0 39.4 17.44   PO 
  B1T-1 B E   - - 57.2 52.7 23.32 
24.16 
1.13 
1.17 
PO 
  B1T-2 B E   - - 57.2 57.0 25.21 1.22 PO 
  B1T-3 B E   - - 57.2 54.2 23.94 1.16 PO 
  B2T-1 B E 116 0.690 - - 57.2 66.5 29.42 
26.84 
1.06 
0.96 
PO 
  B2T-2 B E 116 0.690 - - 57.2 55.9 24.72 0.89 PO 
  B2T-3 B E 116 0.690 - - 57.2 59.7 26.38 0.95 PO 
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  GT-1 G V   - - 57.2 41.9 18.53 
20.77 
1.01 
1.13 
PO 
  GT-2 G V   - - 57.2 49.6 21.95 1.19 PO 
  GT-3 G V   - - 57.2 49.4 21.83 1.19 PO 
            `    
El-gamal (2014) 
#8GT25-0 G V 141 0.177 60.6 1500 62.1 19.2 19.04 19.04   PO 
#8GT100-1 G V 141 0.709 - - 62.9 18.5 18.36 18.36 0.96 0.96 PO 
  #8GT100-2 G V 141 0.709 - - 59.2 16.8 16.73 16.73 0.88 0.88 PO 
  #8GT100-3 G V 141 0.709 - - 56.9 15.5 15.38 15.38 0.81 0.81 PO 
  #8GT200-1 G V 141 1.418 - - 62.7 16.6 16.51 16.51 0.87 0.87 PO 
  #8GT200-2 G V 141 1.418 - - 56.3 16.4 16.26 16.26 0.85 0.85 PO 
  #8GT200-3 G V 141 1.418 - - 53.4 15.1 14.98 14.98 0.79 0.79 PO 
  #8GT300-1 G V 141 2.128 - - 58.6 16.0 15.91 15.91 0.84 0.84 PO 
  #8GT300-2 G V 141 2.128 - - 54.8 14.2 14.16 14.16 0.74 0.74 PO 
  #8GT300-3 G V 141 2.128 - - 52.5 12.2 12.1 12.10 0.64 0.64 PO 
  #8GT350-1 G V 141 2.482 - - 57.8 15.9 15.78 15.78 0.83 0.83 PO 
  #8GT350-2 G V 141 2.482 - - 54.1 9.2 9.15 9.15 0.48 0.48 PO 
  #8GT350-3 G V 141 2.482 - - 52.3 9.4 9.31 9.31 0.49 0.49 PO 
                
Calvet et al. (2015) 
CS8 C V 115.3 0.043 - - 40.9 5.3 8.41 
10.86 
0.92 
1.19 
PO 
 C V 115.3 0.043 - - 37.7 7.6 11.94 1.30 PO 
 C V 115.3 0.043 - - 42.6 6.8 10.78 1.18 PO 
 C V 115.3 0.043 - - 42.3 7.2 11.43 1.25 PO 
   C V 115.3 0.043 - - 40.7 7.4 11.72 1.28 PO 
  CS14 C V 115.3 0.043 - - 40.9 37.8 14.93 
15.43 
1.13 
1.16 
PO 
   C V 115.3 0.043 - - 37.7 39.8 15.7 1.18 PO 
   C V 115.3 0.043 - - 42.6 39.4 15.56 1.17 PO 
   C V 115.3 0.043 - - 42.3 37.1 14.66 1.11 PO 
   C V 115.3 0.043 - - 40.7 41.2 16.28 1.23 PO 
  CR12 C V 104.6 0.048 - - 40.9 34.8 24.56 
20.57 
1.32 
1.11 
PO 
   C V 104.6 0.048 - - 37.7 24.2 17.07 0.92 PO 
 247 
   C V 104.6 0.048 - - 42.6 28.8 20.3 1.09 PO 
   C V 104.6 0.048 - - 42.3 30.6 21.6 1.16 PO 
   C V 104.6 0.048 - - 40.7 27.4 19.3 1.04 PO 
  CDT13 C E 123.4 0.041 - - 40.9 17.3 12.18 
8.54 
1.54 
1.08 
PO 
   C E 123.4 0.041 - - 37.7 11.9 8.33 1.05 PO 
   C E 123.4 0.041 - - 42.6 8.3 5.86 0.74 PO 
   C E 123.4 0.041 - - 42.3 13.6 9.55 1.21 PO 
   C E 123.4 0.041 - - 40.7 9.7 6.8 0.86 PO 
  CS8 C V 115.3 0.173 151.9  34.9 5.8 9.13 
9.15 
  PO 
   C V 115.3 0.173 151.9  44.6 5.4 8.48   PO 
   C V 115.3 0.173 151.9  36.8 5.7 8.97   PO 
   C V 115.3 0.173 151.9  37.1 5.1 7.98   PO 
   C V 115.3 0.173 151.9  42.3 7.1 11.19   PO 
  CS14 C V 115.3 0.173 144  34.9 27.4 10.8 
13.26 
  PO 
   C V 115.3 0.173 144  44.6 37.0 14.61   PO 
   C V 115.3 0.173 144  36.8 31.2 12.32   PO 
   C V 115.3 0.173 144  37.1 34.8 13.72   PO 
   C V 115.3 0.173 144  42.3 37.6 14.85   PO 
  CR12 C V 104.6 0.191 120.9  34.9 24.4 17.2 
18.57 
  PO 
   C V 104.6 0.191 120.9  44.6 29.7 20.94   PO 
   C V 104.6 0.191 120.9  36.8 25.8 18.18   PO 
   C V 104.6 0.191 120.9  37.1 24.2 17.04   PO 
   C V 104.6 0.191 120.9  42.3 27.6 19.49   PO 
  CDT13 C E 123.4 0.162 144.8  34.9 7.5 5.24 
7.91 
  PO 
   C E 123.4 0.162 144.8  44.6 9.7 6.82   PO 
   C E 123.4 0.162 144.8  36.8 7.8 5.45   PO 
   C E 123.4 0.162 144.8  37.1 16.2 11.39   PO 
   C E 123.4 0.162 144.8  42.3 15.1 10.64   PO 
  CS8 C V 115.3 0.347 - - 38.1 5.2 8.2 
7.47 
0.90 
0.82 
PO 
   C V 115.3 0.347 - - 36.7 4.8 7.52 0.82 PO 
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   C V 115.3 0.347 - - 39.0 5.0 7.9 0.86 PO 
   C V 115.3 0.347 - - 38.4 4.7 7.38 0.81 PO 
   C V 115.3 0.347 - - 39.3 4.0 6.36 0.70 PO 
  CS14 C V 115.3 0.347 - - 38.1 30.4 12.01 
11.58 
0.91 
0.87 
PO 
   C V 115.3 0.347 - - 36.7 28.5 11.23 0.85 PO 
   C V 115.3 0.347 - - 39.0 35.0 13.83 1.04 PO 
   C V 115.3 0.347 - - 38.4 25.6 10.12 0.76 PO 
   C V 115.3 0.347 - - 39.3 27.2 10.73 0.81 PO 
  CR12 C V 104.6 0.382 - - 38.1 28.4 20 
18.23 
1.08 
0.98 
PO 
   C V 104.6 0.382 - - 36.7 24.9 17.55 0.95 PO 
   C V 104.6 0.382 - - 39.0 24.9 17.58 0.95 PO 
   C V 104.6 0.382 - - 38.4 24.2 17.05 0.92 PO 
   C V 104.6 0.382 - - 39.3 26.9 18.99 1.02 PO 
  CDT13 C E 123.4 0.324 - - 38.1 12.4 8.72 
7.43 
1.10 
0.94 
PO 
   C E 123.4 0.324 - - 36.7 9.4 6.62 0.84 PO 
   C E 123.4 0.324 - - 39.0 11.4 8.03 1.02 PO 
   C E 123.4 0.324 - - 38.4 8.6 6.02 0.76 PO 
   C E 123.4 0.324 - - 39.3 11.0 7.74 0.98 PO 
  CS8 C V 115.3 0.694 - - 39.6 4.6 7.21 
7.24 
0.79 
0.79 
PO 
   C V 115.3 0.694 - - 38.7 5.6 8.81 0.96 PO 
   C V 115.3 0.694 - - 41.0 3.9 6.19 0.68 PO 
   C V 115.3 0.694 - - 39.8 5.2 8.28 0.90 PO 
   C V 115.3 0.694 - - 43.3 3.6 5.73 0.63 PO 
  CS14 C V 115.3 0.694 - - 39.6 29.9 11.8 
12.36 
0.89 
0.93 
PO 
   C V 115.3 0.694 - - 38.7 28.9 11.39 0.86 PO 
   C V 115.3 0.694 - - 41.0 27.0 10.66 0.80 PO 
   C V 115.3 0.694 - - 39.8 35.4 13.97 1.05 PO 
   C V 115.3 0.694 - - 43.3 35.4 13.97 1.05 PO 
  CR12 C V 104.6 0.765 - - 39.6 17.6 12.38 
12.46 
0.67 
0.67 
PO 
   C V 104.6 0.765 - - 38.7 16.7 11.77 0.63 PO 
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   C V 104.6 0.765 - - 41.0 18.6 13.1 0.71 PO 
   C V 104.6 0.765 - - 39.8 16.3 11.49 0.62 PO 
   C V 104.6 0.765 - - 43.3 19.2 13.55 0.73 PO 
  CDT13 C E 123.4 0.648 - - 39.6 10.2 7.15 
7.10 
0.90 
0.90 
PO 
   C E 123.4 0.648 - - 38.7 8.2 5.78 0.73 PO 
   C E 123.4 0.648 - - 41.0 10.4 7.34 0.93 PO 
   C E 123.4 0.648 - - 39.8 11.2 7.84 0.99 PO 
   C E 123.4 0.648 - - 43.3 10.5 7.41 0.94 PO 
  
           
  
 
Li et al. (2017) 
B-D8-5d-T20-c45 B    47.58 1188.3 37.0 37.5 16.32 16.32   U 
B-D8-5d-T70-c45 B E   - - 36.3 36.2 15.92 15.92 0.98 0.98 U 
  B-D8-5d-T170-c45 B E   - - 30.6 30.6 15.53 15.53 0.95 0.95 U 
  B-D8-5d-T270-c45 B E   - - 26.1 26.1 11.15 11.15 0.68 0.68 U 
      
   
    
  
 
  B-D8-2.5d-T20-c45 B    47.58 1188.3 37.0 37.5 17.61 17.61   U 
  B-D8-2.5d-T70-c45 B E   - - 36.3 36.2 19.45 19.45 1.10 1.10 U 
  B-D8-2.5d-T170-c45 B E   - - 30.6 30.6 17.53 17.53 1.00 1.00 U 
  B-D8-2.5d-T270-c45 B E   - - 26.1 26.1 15.61 15.61 0.89 0.89 U 
      
   
    
  
 
  B-D8-10d-T20-c45 B    47.58 1188.3 37.0 37.5 14.52 14.52   U 
  B-D8-10d-T70-c45 B E   - - 36.3 36.2 13.59 13.59 0.94 0.94 U 
  B-D8-10d-T170-c45 B E   - - 30.6 30.6 13.32 13.32 0.92 0.92 U 
  B-D8-10d-T270-c45 B E   - - 26.1 26.1 10.53 10.53 0.73 0.73 U 
      
   
    
  
 
  B-D8-15d-T20-c45 B    47.58 1188.3 37.0 37.5 15.98 15.98   U 
  B-D8-15d-T70-c45 B E   - - 36.3 36.2 13.6 13.6 0.85 0.85 U 
  B-D8-15d-T170-c45 B E   - - 30.6 30.6 13.04 13.04 0.82 0.82 U 
  B-D8-15d-T270-c45 B E   - - 26.1 26.1 12.83 12.83 0.80 0.80 U 
      
   
    
  
 
  B-D8-20d-T20-c45 B    47.58 1188.3 37.0 37.5 13.98 13.98   U 
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  B-D8-20d-T70-c45 B E   - - 36.3 36.2 14.3 14.3 1.02 1.02 U 
  B-D8-20d-T170-c45 B E   - - 30.6 30.6 12.38 12.38 0.89 0.89 U 
  B-D8-20d-T270-c45 B E   - - 26.1 26.1 13.34 13.34 0.95 0.95 U 
      
   
    
  
 
  B-D8-5d-T20-c30 B    47.58 1188.3 25.3 25.6 12.74 12.74   U 
  B-D8-5d-T70-c30 B E   - - 22.8 22.8 12.43 12.43 0.98 0.98 U 
  B-D8-5d-T170-c30 B E   - - 19.4 19.4 10.95 10.95 0.86 0.86 U 
  B-D8-5d-T270-c30 B E   - - 18.2 18.2 9.07 9.07 0.71 0.71 U 
      
   
    
  
 
  B-D8-5d-T20-c60 B    47.58 1188.3 46.5 47.1 23.26 23.26   U 
  B-D8-5d-T70-c60 B E   - - 51.5 51.5 22.36 22.36 0.96 0.96 U 
  B-D8-5d-T170-c60 B E   - - 46.4 46.4 17.59 17.59 0.76 0.76 U 
  B-D8-5d-T270-c60 B E   - - 44.2 44.2 16.32 16.32 0.70 0.70 U 
      
   
    
  
 
  B-D6-5d-T20-c45 B    51.09 1176.2 37.0 37.5 20.8 20.8   U 
  B-D6-5d-T70-c45 B E   - - 36.3 36.2 16.72 16.72 0.80 0.80 U 
  B-D6-5d-T170-c45 B E   - - 30.6 30.6 19.59 19.59 0.94 0.94 U 
  B-D6-5d-T270-c45 B E   - - 26.1 26.1 16.72 16.72 0.80 0.80 U 
      
   
    
  
 
  B-D10-5d-T20-c45 B    51.36 1225.7 37.0 37.5 14.7 14.7   U 
  B-D10-5d-T70-c45 B E   - - 36.3 36.2 14.84 14.84 1.01 1.01 U 
  B-D10-5d-T170-c45 B E   - - 30.6 30.6 15.42 15.42 1.05 1.05 U 
  B-D10-5d-T270-c45 B E   - - 26.1 26.1 11.76 11.76 0.80 0.80 U 
      
   
    
  
 
  B-D8-3d-T20-c45 B    47.58 1188.3 37.0 37.5 11.95 11.95   U 
  B-D8-3d-T70-c45 B E   - - 36.3 36.2 14.53 14.53 1.22 1.22 U 
  B-D8-3d-T170-c45 B E   - - 30.6 30.6 12.71 12.71 1.06 1.06 U 
  B-D8-3d-T270-c45 B E   - - 26.1 26.1 9.94 9.94 0.83 0.83 U 
      
   
    
  
 
  B-D8-9d-T20-c45 B    47.58 1188.3 37.0 37.5 16.44 16.44   U 
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  B-D8-9d-T70-c45 B E   - - 36.3 36.2 17.19 17.19 1.05 1.05 U 
  B-D8-9d-T170-c45 B E   - - 30.6 30.6 16.65 16.65 1.01 1.01 U 
  B-D8-9d-T270-c45 B E   - - 26.1 26.1 13.99 13.99 0.85 0.85 U 
    
 
 
   
    
  
 
  B-D8-5d-T120-c45 B E   - - 36.3 34.2 15.16 15.16 0.93 0.93 U 
  B-D8-5d-T220-c45 B E   - - 30.6 28.9 15.23 15.23 0.93 0.93 U 
  B-D8-5d-T350-c45 B E   - - 26.1 25.0 1.99 1.99 0.12 0.12 U 
    
 
 
   
    
  
 
  G-D8-5d-T20-c45 G    54.19 819.7 37.0 37.5 11.45 11.45   U 
  G-D8-5d-T70-c45 G E   - - 36.3 36.2 10.12 10.12 0.88 0.88 U 
  G-D8-5d-T120-c45 G E   - - 34.2 34.2 10.05 10.05 0.88 0.88 U 
  G-D8-5d-T170-c45 G E   - - 30.6 30.6 10.65 10.65 0.93 0.93 U 
  G-D8-5d-T220-c45 G E   - - 28.9 28.9 9.82 9.82 0.86 0.86 U 
  G-D8-5d-T270-c45 G E   - - 26.1 26.1 7.83 7.83 0.68 0.68 U 
  G-D8-5d-T350-c45 G E   - - 25.0 25.0 2.65 2.65 0.23 0.23 U 
                
                
Hamad et al. (2017) 
GT-Control G    47 817 34.0 8.6 2.74 2.74   PO 
GT-125 G P   45 703  6.5 2.06 2.06 0.75  PO 
  GT-250 G P   41 552  5.9 1.892 1.892 0.69  PO 
  GT-325 G P   37 453  3.3 1.048 1.048 0.38  PO 
   
 
   
 
 
    
   
  BT-Control B    66 940 34.0 8.3 2.628 2.628   PO 
  BT-125 B E   63 758  6.5 2.054 2.054 0.78  PO 
  BT-250 B E   58 662  3.2 1.027 1.027 0.39  PO 
  BT-325 B E   52 514  1.7 0.554 0.554 0.21  PO 
   
 
   
 
 
    
   
  CT-Control C    119 1572 34.0 26.2 8.338 8.338   PO 
  CT-125 C V   110 1438  22.0 7.005 7.005 0.84  PO 
  CT-250 C V   101 1152  14.8 4.7 4.7 0.56  PO 
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  CT-325 C V   81 700  4.8 1.542 1.542 0.18  PO 
  CT-375 C V   56 454  2.7 0.865 0.865 0.10  PO 
                
Ozkal et al. (2018) 
G-Control G E   49.89 918 43.4 12.2 9.6 9.6   PO 
G-100 G E   47.04 884 43.0 10.9 8.6 8.6 0.90 0.90 PO 
  G-150 G E   43.73 835 39.8 10.2 7.98 7.98 0.83 0.83 PO 
  G-200 G E   41.68 788 36.8 9.4 7.38 7.38 0.77 0.77 PO 
  G-250 G E   37.78 729 34.8 8.7 6.81 6.81 0.71 0.71 PO 
  G-300 G E   32.56 645 33.5 8.0 6.26 6.26 0.65 0.65 PO 
  G-400 G E   13.54 330 30.1 6.7 5.23 5.23 0.54 0.54 PO 
  G-500 G E   2.8 94 25.4 5.5 4.29 4.29 0.45 0.45 PO 
    G-600 G E     - - 19.5 4.4 3.44 3.44 0.36 0.36 PO 
 
3.14.2.7 Other conditions 
Reference and other details Specimen ID 
Materials Pull-out test results 
FRP Concrete Joint strength   
Bar & Resin 
Types 
Ef (GPa) ff (MPa) 
fcm 
(MPa) 
Pult 
(kN) 
Max. 
τ  
(Mpa) 
Avg. 
τ  
(Mpa) 
Norm 
Avg. 
Norm 
Failure 
modec 
              
Belarbi and Wang (2011) 
VP4C C V 124 2069 48 23.23 8.75 
8.66 
 
 PO 
 C V 124 2069 48 23.79 8.96 
 
 PO 
   C V 124 2069 48 21.93 8.26 
 
 PO 
  VP4G G V 41 690 48 44.60 16.8 
18.70 
 
 SP 
   G V 41 690 48 54.92 20.69 
 
 SP 
   G V 41 690 48 49.40 18.61 
 
 SP 
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  VP8G G V 41 551 48 186.73 19.02 
18.49 
 
 SP 
   G V 41 551 48 171.81 17.5 
 
 SP 
   G V 41 551 48 186.04 18.95 
 
 SP 
  DP4C C V - - - 17.33 6.53 
7.26 
0.75 
0.64 
SP 
   C V - - - 14.73 5.55 0.64 PO 
   C V - - - 21.18 7.98 0.92 SP 
  DP4G G V - - - 6.26 2.36 
8.15 
0.13 
0.44 
SP 
   G V - - - 33.00 12.43 0.66 SP 
   G V - - - 25.62 9.65 0.52 SP 
  DP8G G V - - - 175.83 17.91 
17.82 
0.97 
0.96 
SP 
   G V - - - 167.00 17.01 0.92 SP 
   G V - - - 182.02 18.54 1.00 SP 
Fibre-reinforced Concrete 
VF4C C V 124 2069 37 22.75 8.57 
7.14 
 
 PO 
 C V 124 2069 37 17.02 6.41   PO 
 C V 124 2069 37 17.07 6.43   PO 
VF4G G V 41 690 37 42.74 16.1 
16.21 
 
 SP 
 G V 41 690 37 40.48 15.25   PO 
 G V 41 690 37 45.90 17.29   SP 
VF8G G V 41 551 37 119.68 12.19 
13.19 
 
 PO 
 G V 41 551 37 126.55 12.89   PO 
 G V 41 551 37 142.35 14.5   PO 
DF4C C V - - - 17.92 6.75 
6.79 
0.95 
0.95 
PO 
 C V - - - 15.50 5.84 0.82 PO 
 C V - - - 20.68 7.79 1.09 PO 
DF4G G V - - - 39.55 14.9 
13.83 
0.92 
0.78 
SP 
 G V - - - 36.82 13.87 0.86 SP 
 G V - - - 33.74 12.71 0.78 PO 
DF8G G V - - - 124.19 12.65 
13.36 
0.96 
1.02 
PO 
   G V - - - 129.59 13.2 1.00 SP 
   G V - - - 139.70 14.23 1.08 PO 
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Won et al. (2013) 
G G V - - - 9.65 17.06    U 
HA HY V - - - 6.90 27.46    U 
  HB HY V - - - 5.79 23.05    U 
  HC HY V - - - 6.41 25.5    U 
  G-1 G V - - - 7.52 13.30 13.30 0.7798 0.78 U 
  G-2 G V - - - 7.51 13.28 13.28 0.7783 0.78 U 
  HA-1 HY V - - - 5.75 22.87 22.87 0.8328 0.83 U 
  HA-2 HY V - - - 5.73 22.78 22.78 0.8297 0.83 U 
  HB-1 HY V - - - 4.59 18.24 18.24 0.7915 0.79 U 
  HB-2 HY V - - - 4.44 17.67 17.67 0.7665 0.77 U 
  HC-1 HY V - - - 5.35 21.28 21.28 0.8345 0.83 U 
  HC-2 HY V - - - 5.22 20.77 20.77 0.8145 0.81 U 
     
   
      
Abedi (2014) 
Lab 1 G V 54.5 950.8 50 85 21.1 
21.15  
 PO 
Lab 2 G V 54.5 964.2 50 85.4 21.2 
 
 PO 
  Sun 30-1 G V - 964.4  79.3 19.7 
20.15 
0.93 
0.93 
SP 
  Sun 30-2 G V - 954  83 20.6 0.93 PO 
  Sun 60-1 G V - 926.9  78 19.4 
19.6 
0.97 
0.96 
PO 
  Sun 60-2 G V - 914  79.8 19.8 0.94 SP 
  Sun 90-1 G V - 889.8  71.1 17.7 
18 
0.94 
0.90 
PO 
  Sun 90-2 G V - 889.2  73.8 18.3 0.87 SP 
              
              
Al- Tamimia et al. (2014) 
Lab 1 G U 54.5 800 43.6 85.2 32.1    PO 
Lab2 G U 54.5 800 43.6 78.0 29.4    PO 
Sun 1 G U - - - 81.0 30.5  0.95 0.95 SP 
  Sun 2 G U - - - 81.5 30.7  0.96 0.96 PO 
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El Refai et al. (2014) 
B1C-1 B E 50 1100 48 41.9 18.51 
20.65 
 
 
PO 
B1C-2 B E 50 1100 48 42.9 18.98 
 
PO 
  B1C-3 B E 50 1100 48 55.3 24.46 
 
PO 
  B2C-1 B E 50 1168 48 59.7 26.39 
27.84 
 
 
PO 
  B2C-2 B E 50 1168 48 58.4 25.8 
 
PO 
  B2C-3 B E 50 1168 48 64.4 28.48 
 
PO 
  B2C-4 B E 50 1168 48 63.4 28.02 
 
PO 
  B2C-5 B E 50 1168 48 69.0 30.51 
 
PO 
  GC-1 G V 50 1000 48 42.7 18.89 
18.42 
 
 
PO 
  GC-2 G V 50 1000 48 42.8 18.92 
 
PO 
  GC-3 G V 50 1000 48 39.4 17.44 
 
PO 
  B1TW-1 B E - - 64.24 55.1 24.34 
21.07 
1.18 
1.02 
PO 
  B1TW-2 B E - - 64.24 43.3 19.16 0.93 PO 
  B1TW-3 B E - - 64.24 44.6 19.7 0.95 PO 
  B2TW-1 B E - - 64.24 55.3 24.47 
25.51 
0.88 
0.92 
PO 
  B2TW-2 B E - - 64.24 52.3 23.11 0.83 PO 
  B2TW-3 B E - - 64.24 65.5 28.96 1.04 PO 
  GTW-1 G V - - 64.24 43.9 19.43 
19.96 
1.06 
1.08 
PO 
  GTW-2 G V - - 64.24 41.6 18.38 1.00 PO 
  GTW-3 G V - - 64.24 49.9 22.06 1.20 PO 
  B1TS-1 B E - - 62.88 46.5 20.57 
21.37 
1.00 
1.03 
PO 
  B1TS-2 B E - - 62.88 48.6 21.5 1.04 PO 
  B1TS-3 B E - - 62.88 49.9 22.04 1.07 PO 
  B2TS-1 B E - - 62.88 46.5 20.55 
19.19 
0.74 
0.69 
PO 
  B2TS-2 B E - - 62.88 40.6 17.97 0.65 PO 
  B2TS-3 B E - - 62.88 43.1 19.04 0.68 PO 
  GTS-1 G V - - 62.88 39.0 17.24 
18.82 
0.94 
1.02 
PO 
  GTS-2 G V - - 62.88 41.5 18.35 1.00 PO 
    GTS-3 G V - - 62.88 47.2 20.86 1.13 PO 
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Note: 
a- Bar texture: R- Roughed, I- Indented, H- Helical spiral, B- Braiding, SM- Smooth, SC- Sand 
coating, RB- Ribbed, HS- Helical spiral with sand coating, IS- indented with sand coating. 
b- Test type: E- Eccentric loading, C- Concentric loading 
c- Failure modes: PO- Pull-out failure, SP- Concrete splitting failure, F- FRP fracture failure. 
In any case, the letter 'U' denotes the information is unknown. 
D= width or diameter of the concrete specimen. Lb= embedded length, Dfrp= diameter of FRP bar, 
Afrp= FRP bar’s cross-sectional area, C= concrete cover, Ef= Young’s modulus of FRP bar, Ff= 
fracture strength of FRP bar, fcm= mean compressive strength of the concrete, Pult= ultimate force, 
τ= interfacial bond stress 
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4 BOND STRENGTH AND BOND STRESS SLIP ANALYSIS 
FOR INTERNAL FRP REINFORCEMENT 
INCORPORATING ENVIRONMENTAL DURABILITY 
This work can be cited as: Li, J. W., Gravina, R. J., Visintin, P. & Smith, S.T. Forthcoming. 
“Bond Strength and Bond Stress Slip Analysis for FRP Reinforcement Incorporating 
Environmental Durability.”, Construction and Building Materials, under review. 
Synopsis 
Analysing interfacial bond responses through the maximum bond strength alone adds 
difficulty in predicting an accurate global bond behaviour in a FRP bar-to-concrete bond with 
long embedment length. The previous chapter showed that the discrepancy in experimental 
results for environmentally conditioned FRP-to-concrete specimens for pull-out tests can 
hardly be explained by an individual parameter. Although some parameters were found to have 
certain correlation to the rate of degradation of the FRP-to-concrete bond, the sample 
population is not yet sufficient to draw solid conclusions. Therefore, to study the long-term 
durability of the FRP bar-to-concrete bond, a statistical approach is implemented which results 
in several conservative reduction factors. Based on the obtained reduction factors, the declining 
trends of the interfacial fracture energy under all assessed environmental conditions are 
observed. Furthermore, an analytical example is provided to predict the global behaviour of 
the FRP bar-to-concrete bond specimens, and the predicted development length incorporating 
environmental effects then compared with the design guidelines. 
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Bond Strength and Bond Stress-Slip Analysis of Internal FRP Reinforcement 
Incorporating Environmental Durability 
Junwei Lia, Rebecca Gravinaa*, Scott T. Smithb and Phillip Visintinb 
 
aSchool of Civil and Environmental Engineering, RMIT University, Melbourne, Victoria, 
Australia 
bSchool of Civil, Environmental and Mining Engineering, The University of Adelaide, 
South Australia 5005, Australia 
 
Abstract: Interfacial bond between fibre-reinforced polymer (FRP) composite bars and the 
surrounding concrete is an important factor in the composite performance of FRP-reinforced 
concrete beams under load. When exposed to harsh environmental conditions the interfacial 
bond has been shown in numerous small-scale experimental studies to significantly deteriorate. 
It is therefore essential that the magnitude of the deterioration is quantified in order for the 
long-term performance of FRP-reinforced concrete (FRP-RC) members to be determined. In 
this study, a database consisting of 544 observations of bond strength test results as well as a 
sub-set database of 315 observations of bond stress-slip results is compiled and statistically 
analysed in order to quantify reduction factors for both the bond strength and the bond stress-
slip behaviour of FRP-RC members. The outcomes of this analysis are further applied to 
investigate the deterioration required to cause a change in failure mode from bar rupture to bar 
debonding in order for the deterioration of reinforcement to be considered in reinforcement 
detailing requirements. 
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Keywords: Bond stress-slip response; Deterioration reduction factors; Environmental 
durability; Force-slip response; Pull-out test. 
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4.1 Introduction 
On account of their general resistance to corrosion, fibre-reinforced polymer (FRP) 
composite bars have been increasingly utilised as internal reinforcement in structures exposed 
to corrosive environments (Balendran et al. 2002). While the short-term performance of 
members reinforced with FRP bars has been extensively investigated (Cosenza et al. 1995; Lu 
et al. 2005; Gravina and Smith 2008; Oehlers et al. 2013), our understanding of the impact of 
long-term environmental degradation is still limited (Yan et al. 2016).  
Previous experimental studies have shown that although the fibre component of FRP is 
generally non-corrosive, the resin rich outer layer may degrade under hygrothermal and dry-
heat loading. Degradation of the outer layer of the bar can thus significantly influence the 
performance of bar surface treatment (ribs or sand coating layer) such that the bond between 
the reinforcement and the concrete may be significantly reduced (Al-Zahrani et al. 1999; Katz 
and Berman 2000; Achillides and Pilakoutas 2004; Okelo and Yuan 2005; El Refai et al. 2014; 
Altalmas et al. 2015; Hamad et al. 2017). 
It has been established that the bond between FRP bars and concrete is influenced by 
environmental exposure, however, there are a lack of generalised models that can predict the 
extent of bond degradation. For example, existing design standards consider only the 
degradation of the bar itself rather than providing information on the degradation of the bond 
(JSCE 1997; CSA 2007; ACI 2015). This presents a challenge to predicting member behaviour 
at the serviceability limit state, in which member crack width is strongly influenced by bond. 
It also presents a challenge at the ultimate limit state where reinforcement detailing is directly 
dependent on an understanding of the bond length required to develop a specific design stress 
in the reinforcement. 
 263 
 
The lack of bond models that incorporate environmental degradation can be partly attributed 
to the fact that although many studies have been conducted to measure degradation under 
specific conditions, these studies are often very small in scale and there is a lack of 
commonality between exposure conditions. This makes comparison across multiple test series 
challenging (Gravina et al. In press). In order to address this limitation, a database is reported 
in this paper of test results correlating environmental exposure to maximum bond strength. In 
addition, environmental exposure to the local bond stress versus slip (herein bond stress-slip) 
relationship is correlated and used to quantify reduction factors for both FRP to concrete bond 
strength and FRP to concrete bond stress-slip relationships. The reduction factors are then used 
to investigate the adequacy of current detailing requirements by quantifying the maximum 
force that can be developed in the reinforcement prior to debonding as well as the development 
length required to develop the full strength of the FRP reinforcement. 
4.2 Database description 
An initial study carried out by Gravina et al. (In press) collated a total of 1244 individual 
FRP bar pull-out tests from 35 different studies in order to to review the influence of durability 
upon FRP-to-concrete bond with a view to identify clear trends. In the present study, this 
database is now used to establish the impact on bond from exposure to potable water, alkaline 
solution, salt water and dry-heat conditions. Based on the following selection criteria, two sub-
set databases have been compiled for this paper from the original 1244 results dataset. The first 
sub-set database of 544 test results is used to quantify the change in maximum bond stress 
following environmental exposure while the second sub-set database of 315 test results is used 
to quantify the change in bond stress-slip behaviour.  
For inclusion into the sub-set databases, the following criteria were imposed:  
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1. Data must be obtained from a pull-out test with a short bonded length. This condition 
was imposed to remove the influence of different test methodologies (e.g. such as the 
less commonly performed beam bond test). 
2. Samples must be subjected to a single form of environmental conditioning prior to pull-
out testing. This condition was imposed due to the limited data available for combined 
environmental condition regimes. 
3. The bar must not be subject to pre-conditioning. This condition was imposed because 
the magnitude of degradation is influenced by the presence of the concrete cover during 
environmental conditioning. 
4. Only bars with a surface treatment are included. Smooth bars were excluded as these 
are generally not used as flexural reinforcement due to poor bond with the surrounding 
concrete. 
5. Only normal strength concretes are considered. Other concrete mixes containing sea 
sand, fibre-reinforcement or coral concrete were excluded due to small datasets.  
6. The reported failure mode was restricted to a pull-out mode while other failure modes 
such as concrete splitting and mechanical grip slippage were disregarded in accordance 
with ACI 440.3R-04 (ACI 2004). 
7. For inclusion into the bond stress-slip database, the free-end (F.E) slip identified in 
Figure 4.1 must have been recorded. Tests in which only the loaded end (L.E) slip were 
recorded were excluded from the analysis because the loaded-end slip values were 
noticeably different from the free-end slip values. 
The database, which includes extracted bond stress-slip curves and parameters, is provided 
as supplementary material. This information is summarised in Table 4-1, in which the general 
bar properties and exposure regime are provided along with an indication if the local bond 
stress-slip relationships are available in addition to bond strengths. 
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Figure 4.1. FRP bar-concrete bond pull-out test setup. (Note: P- pull-out force, LVDT- 
Linear Vairable Differential Transfromers, Lb- embedment length, Lc- length of concrete, c- 
concrete cover, Afrp- cross-sectional area of FRP bar, Lper- perimeter of FRP bar) 
Table 4-1. Summary of database. 
Reference 
FR
P bar 
type 
Sur
face 
textur
e 
Conditioning regime 
Dataset 
Bond 
strength 
(τmax) 
Bond 
stress-
Slip  
Water solution (W) 
(Davalos et 
al. 2008) 
G, 
C 
D, 
SC 
Conditioned for 2160 hrs at 20 and 60°C x x 
(Robert 
and 
Benmokrane 
2010) 
G SC 
Conditioned for 1440, 2880, 4320 hours at 
23, 40 and 50°C 
x x 
(Altalmas 
2014) 
G, 
B 
D, 
SC 
Conditioned for 2160 hours at 20°C x x 
Alkaline solution (A) 
(Altalmas 
2014) 
G, 
B 
D, 
SC 
Conditioned for 720, 1440, 2160 hours at 
60°C 
x x 
(Hassan et 
al. 2016) 
B D 
Conditioned for 1080, 2160, 4320 hours at 
40, 50, 60°C 
x x 
(Yan et al. 
2017) 
G SC Conditioned for 2160 hours at 90°C x x 
Saline solution (S) 
(Altalmas 
2014) 
G, 
B 
D, 
SC 
Conditioned for 720, 1440, 2160 hours at 
60°C 
x x 
(Dong et 
al. 2016) 
G, 
B, C 
D, 
SC 
Conditioned for 360, 720, 1080, 1440 
hours at 25, 40, 55°C 
x x 
(Yan and 
Lin 2017) 
G SC 
Conditioned for 720, 1080, 1440 hours at 
50, 70°C 
x x 
Dry-heat (T) 
(Katz et al. 
1999) 
G 
D, 
SC 
Conditioned under temperature ranging 
from 20 to 280°C 
x - 
(Balázs–
Adorján and 
Nehme 2005) 
C SC 
Conditioned under temperature ranging 
from 23 to 200°C 
x - 
d
bLc
c
bond 
breaker LbP L.E F.E
LVDT
Afrp
Lper-frp
Lper
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(Abbasi 
and Hogg 
2005) 
G SC 
Conditioned under temperature ranging 
from 20 to 120°C after being immersed in 
water and alkaline solution up to 240 days 
x - 
(Alvarez et 
al. 2007) 
G SC 
Conditioned under temperature ranging 
from 20 to 60°C for 2668 hours 
x x 
(Masmoudi 
et al. 2010) 
G D 
Conditioned under temperature ranging 
from 20 to 80°C for 24 hours 
x x 
(Altalmas 
2014) 
G, 
B 
D, 
SC 
Conditioned under temperature at 80°C for 
2160 hours 
x x 
(El-Gamal 
2014) 
G D 
Conditioned under temperature ranging 
from 25 to 300°C for 1, 2 and 3 hours 
x x 
(Calvet et 
al. 2015) 
C 
D, 
SC 
Conditioned under temperature ranging 
from 5 to 80°C for 48 hours 
x x 
(Li et al. 
2017) 
G, 
B 
D, 
SC 
Conditioned under temperature ranging 
from 20 to 350°C for 6 hours 
x - 
(Hamad et 
al. 2017) 
G, 
B, C 
D, 
SC 
Conditioned under temperature ranging 
from 20 to 325°C for 5 hours 
x - 
(Özkal et 
al. 2018) 
G SC 
Conditioned under high temperature 
ranging from 20 to 600°C 
x - 
Note: G, B and C denote glass, basalt and carbon fibre, respectively; D and SC denote 
deformation and sand-coated surface texture, respectively; ‘x’ and ‘-’ denote ‘include’ and ‘not 
applicable’, respectively.  
4.2.1 Bond strength database 
Firstly, let us consider the database of bond strength which contains the results of 544 
individual tests. The database is summarised in Table 4-2, in terms of general exposure regime 
(immersion in water, alkaline solution, saline solution or exposure to dry-heat conditioning), 
as well as the mean change and standard deviation in bond strength and bond stress-slip 
parameters. The average values of these parameters under the different conditioning regimes 
are presented to provide an overview of the impact of each environmental condition. 
Importantly, this general overview of the mean and standard deviation of the normalised 
parameters shows that there is not always a degradation in capacity with exposure. Caution is, 
however, required in generalising the results because in some instances an increase in capacity 
is observed over short exposure times prior to a rapid reduction in strength (Dong et al. 2016). 
This observation is similar to the impact of corrosion on steel reinforcement, where initial 
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expansion of the reinforcement provides confinement that initially improves the bond 
properties (Feng et al. 2015).  
Table 4-2. Description of database. 
Environmental 
conditions 
Mean 
normalised 
τmax 
Mean 
normalised 
α 
Mean 
normalised 
δmax 
Mean 
normalised 
δuti 
Water 
0.93 
(0.09) 
2.11 
(1.52) 
2.64 
(1.79) 
1.11 
(0.57) 
Alkaline 
1.17 
(0.25) 
0.96 
(0.39) 
1.57 
(1.91) 
1.30 
(0.42) 
Saline 
1.02 
(0.20) 
0.96 
(0.82) 
1.25 
(1.26) 
1.07 
(3.61) 
Dry-heat 
0.77 
(0.29) 
1.36 
(1.01) 
1.87 
(3.34) 
3.61 
(10.47) 
Note: τmax is the maximum bond stress, δmax is the slip corresponding to the maximum bond 
stress, δult is the slip at ultimate, α is the curve calibration factor, values inside parentheses 
indicates standad deviation.  
4.2.2 Bond stress-slip database 
The sub-set database includes 315 observations of bond stress-slip relationships. For 
analysis, the modified BEP (mBEP) model (Eligehausen et al. 1982) described in Eqs. 4-1 and 
4-2 and shown in Figure 4.2 are used fit to each test result to obtain extracted bond stress () 
and slip () parameters.  
𝜏 = 𝜏𝑚𝑎𝑥(
𝛿
𝛿𝑚𝑎𝑥
)𝛼 for 0 ≤ 𝛿 ≤ 𝛿𝑚𝑎𝑥 4-1 
𝜏 = 𝜏𝑚𝑎𝑥 + 𝐾𝑑(𝛿𝑚𝑎𝑥 − 𝛿) for 𝛿𝑚𝑎𝑥 ≤ 𝛿 ≤ 𝛿𝑢𝑙𝑡 
4-2 
where Kd is the slope of the descending curve. 
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Figure 4.2. Bi-linear bond-slip relationship. (Note: Ka- slope of the ascending curve) 
In order to fit the mBEP model to each test result, the reported local bond stress-slip 
relationships were first digitised and then a least squares regression was conducted to identify 
the optimal values of each parameter in Eqs 4-1 and 4-2 (α, τmax, δmax, δult and Kd). In this 
process τmax δmax, δult were not considered to be regressors as they can be directly obtained 
from the test results. The factors α and Kd were, however, calibrated to establish a bond stress-
slip curve that best fit the experimental data. The parameters extracted for each test are 
provided in the supplementary material. 
To visualise the change in key parameters of the mBEP model with exposure type and 
duration, each parameter arising from environmental conditioning is presented in normalised 
form against the control results (without environmental conditioning) in Figure 4.3 (for 
hygrothermal conditions) and Figure 4.4 (for dry-heat conditions). To further differentiate 
results, each scatter plot utilises: (i) different marker size as an indicator of bar diameter 
(ranging from 5 mm to 19.1 mm), (ii) marker shape to indicate bar texture (circular for 
deformed bars and square for sand coated bars), and (iii) a variation of tone to indicate exposure 
temperature. Within each plot the dashed vertical lines indicate the mean test exposure duration 
(Figure 4.3) or temperature (Figure 4.4) while the dashed horizontal lines indicate the mean of 
the normalised parameters (τmax, α, δmax and δult). It needs to be noted that the τmax0, α0, δmax0 
and δult0 are the parameters of the corresponding control specimens. 
τ
δmax
τmax
O
1
Ka
1
Kd
δult
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Although the majority of test variables are summarised in Figure 4.3 and Figure 4.4, there 
are no clear trends in the data. The only noticeable change that can be identified is the variation 
of τmax under dry-heat conditions, where it is clear that temperature has a significant influence 
on τmax.  
It should also be noted that significant outliers exist within the data. The number of outliers 
are identified within each graph and denoted by M while the total number of data entries are 
denoted by N. 
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                  Water Alkaline             Saline 
Figure 4.3. Distribution of four key parameters of bond-slip curves under hygrothermal 
conditions. (Note: D- FRP bar with deformation pattern, SC- FRP bar with sand coat, M- 
number of outliers, N- number of data entries) 
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Figure 4.4. Distribution of four key parameters of bond-slip curves under dry-heat 
conditions. (Note: D- FRP bar with deformation pattern, SC- FRP bar with sand coat, M- 
number of outliers, N- number of data entries) 
4.3 Development of capacity reduction factors 
In order to allow for the significant scatter of results and to also develop a bond strength and 
bond stress-slip relationship suitable for design, a statistical analysis was undertaken to identify 
the 5th percentile of the experimentally observed behaviours. For this analysis the values of τmax 
are taken from the bond stress database while the remaining parameters (α, δmax and δult) are 
based on FE slip observations that have been extracted from the bond stress-slip database.  
N
o
r.
 α
τ m
a
x
/ τ
m
ax
0
δ m
a
x
/ δ
m
a
x0
α
/
α
0
δ u
lt
/ 
δ u
lt
0
N= 88 N= 52
N= 54
M= 2
N= 43
M= 4
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The results of the 5th percentile analysis are provided in Table 4-3 in the form of reduction 
factors for τmax (ητmax), α (ηα), δmax (ηδmax) and δult (ηδult) for (i) each different hygrothermal 
exposure condition and exposure interval (0-1000 hours, 1000-2000 hours and 2000-3000 
hours), and (ii) at intervals of exposure temperature (0-100 degrees, 100-200 degrees 200-300 
degrees and greater than 300 degrees) for dry-thermal conditions. In Table 4-3, where the 
reduction factor is greater than 1, or when it increases with duration, it is suggested that for a 
conservative design, the reduction factor be limited to 1 and not taken to increase with time.  
Table 4-3. 5th percentile deterioration reduction factors of test results of various 
environmental conditions 
Duration/Temperature ητmax ηα ηδmax ηδult 
Water 
[0, 1000] 1.01 - - - 
(1000, 2000] 0.98 3.70 1.03 0.95 
(2000, 3000] 0.83 0.51 0.42 0.47 
Alkaline 
[0, 1000] 0.95 0.48 0.84 11.78* 
(1000, 2000] 0.96 0.43 0.86 0.83 
(2000, 3000] 0.91 0.62 0.82 0.63 
Salt 
[0, 1000] 0.92 0.50 0.47 0.66 
(1000, 2000] 0.88 0.42 0.37 0.64 
(2000, 3000] 0.87 0.71 0.86 0.59 
Dry-heat 
[0, 100] 0.54 0.59 0.47 0.65 
(100, 200] 0.11 0.83 0.71 0.65 
(200, 300] 0.07 1.02 1.27 0.45 
>300 0.11 0.83 0.62 0.18 
Note: ‘-’ denotes non-applicable data;  ‘*’ denotes outlier data excluded from analysis.  
Importantly, although the exposure temperature and the physical and mechanical properties 
of the FRP bars are known from individual studies to have an impact on the deterioration of 
the bond stress-slip relationship, the current population of the data is insufficient to consider 
these factors explicitly. As a result, only the most essential factor, the exposure duration, is 
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taken into account. It is also important to note that although ACI guidelines (AC 2010) suggest 
a maximum exposure time of 10,000 hours for hygrothermal exposure, a lack of experimental 
data makes the explicit definition of a reduction factor for this exposure period impossible at 
this time. Further, (AC 2010) suggests that dry-heat resistance be measured under 60°C for 
1,000 and 3,000 hours, although the results collected indicate that the test specimens were 
insensitive to duration when considering dry-heat (Masmoudi et al. 2011). Hence, rather than 
using time interval as the main factor for the analysis, the temperature interval is adopted. 
Of the four parameters, the reduction factors of α and δmax show a less defined trend 
compared to those for τmax and δult.. This may be because these parameters are calibrated from 
the mBEP model while τmax and δult are obtained directly from test data. This, however, may 
not be significant because α and δmax have less influence on structural strength behaviour 
because they do not significantly influence the fracture energy. On the other hand, they do 
contribute to the crack width for a given load carried by the reinforcement. 
Focusing on the variation of τmax under different hygrothermal conditions, it is found that the 
results of maximum bond stress for the samples under alkaline solution show the least 
degradation after 2,000 and 3,000 hours, whereas the results of the specimens under continuous 
immersion in water and saline have a similar reduction factor. A similar result was observed 
by Robert and Benmokrane (2013). The similar factor for water and saline solution may be due 
to the mechanism of saline solution attack. That is, salt water attack typically occurs due to the 
crystallisation of the salt from the solution resulting in volumetric expansion. This occurs under 
wet-dry cycling without which the impact of salt solution will be similar to that of potable 
water. These findings suggest that further testing of solutions should also include the impact of 
wet-dry cycles to simulate a more realistic damage mechanism. 
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In terms of dry-heat conditioning, the reduction of τmax is much more significant compared 
to that under hygrothermal conditions. The maximum bond stress is observed to drop to 
approximately 50% at a temperature interval between 0 and 100°C, and then decrease by 
roughly 90% between 100 and 200°C. Further increases in temperature above 200°C result in 
only a marginal difference on the reduction. This behaviour is observed because the polymer 
matrix that binds the fibres have a glass transition point which is generally around 100°C. 
The reduction factors for δult decrease with exposure duration and higher temperature, with 
the exception of alkaline solution for over 3000 hours, which can be explained by a lack of test 
results for this case. As a result, specimens under alkaline solution for over 3000 hours are 
excluded from further analysis. Similar to the findings for τmax, the reduction factor of δult for 
specimens under alkaline solution have the smallest change, indicating less damage compared 
to other conditions, even though approximately 35% of the decrease is found at durations 
ranging from 2000 and 3000 hours. The decline of the reduction factors at 2000 and 3000 hours 
for the specimens subjected to continuous immersion in water and salt solution are around 50% 
and 40%, respectively. Furthermore, the most significant decrease in δult is found for dry-heat 
exposure, where δult reduces by 35% at a temperature range from 0 to 100°C and by over 80% 
for temperatures beyond 300°C. 
4.3.1 Deteriorated bond stress-slip relationship 
Using the reduction factors defined in Table 4-3 it is now possible to investigate the influence 
of different environmental exposure regimes on the local bond stress-slip behaviour (see Figure 
4.5). 
In order to modify the bond stress-slip relationships to consider environmental exposure, 
generic relationships to define the properties without the influence of environmental exposure 
are required. To date, no comprehensive model for the local bond stress-slip relationship of 
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FRP reinforcement is available. As a result, the average relationship obtained from the control 
samples in the database are used where the parameters (τmax, α, δmax, δult) of these average 
relationships are multiplied by the reduction factors (ητmax, ηα, ηδmax, ηδult) shown in Table 4-3. 
For clarification, max is taken directly from the test results of short embedment length, and 
hence they are equal to the maximum force-perimeter length. In general, it should be noted that 
max  is a function of the applied force, the diameter of the bar, as well as the strength of the 
bond between the bar and concrete. The three average control bond stress-slip relationships 
used in this example are presented in Table 4-4, in which a differentiation is made between 
fibre type (Glass, Carbon and Basalt). Due to a small number of control samples, no further 
distinction is made for surface texture, resin type or bar diameter. 
Table 4-4. Average local bond stress-slip curve parameters, as well as mechanical properties, 
of tested control specimens embedded with different types of FRP bar. 
Fibre 
Type 
τmax 
(MPa) 
α 
δmax 
(mm) 
δultf 
(mm) 
Gf 
(N/mm) 
G 18.73 
(0.18) 
0.27 
(0.72) 
0.77 
(0.87) 
16.68 
(0.46) 
160.37 
C 19.27 
(0.31) 
0.27 
(0.48) 
1.14 
(0.94) 
5.49 
(0.60) 
59.24 
B 18.11 
(0.29) 
0.31 
(0.49) 
1.18 
(0.70) 
10.96 
(1.04) 
104.86 
Note: The brackets contains the Coefficient of Variation (COV), Gf indicates interfacial 
fracture energy. The COV of Gf is not applicable as this parameter is calculated based on 
average bond-slip curves. 
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Figure 4.5. Local bond-slip curves of specimens subjected to environmental conditioning. 
To further show the change in bond behaviour with environmental exposure, the change in 
fracture energy Gf needs to be illustrated. The quantity Gf is defined as the area under the local 
bond stress-slip relationship and is given by:  
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𝐺𝑓 = ∫ 𝜏𝑚𝑎𝑥 (
𝛿
𝛿𝑚𝑎𝑥
)
𝛼
+ ∫ 𝜏𝑚𝑎𝑥 + 𝐾𝑑(𝛿𝑢𝑙𝑡 − 𝛿)
𝛿𝑢𝑙𝑡
𝛿𝑚𝑎𝑥
𝛿𝑚𝑎𝑥
0
                
=
𝜏𝑚𝑎𝑥𝛿𝑚𝑎𝑥
𝛼 + 1
+ (𝜏𝑚𝑎𝑥 + 𝐾𝑑𝛿𝑢𝑙𝑡)(𝛿𝑢𝑙𝑡 − 𝛿𝑚𝑎𝑥)
−
𝐾𝑑(𝛿𝑢𝑙𝑡
2 − 𝛿𝑚𝑎𝑥
2)
2
 
4-3 
As expected, Gf decreases with an increasing exposure duration and temperature under all 
analysed environmental conditions since Gf is primarily governed by the parameters of τmax and 
δult. For samples under hygrothermal conditions, Gf for specimens under alkaline conditions 
have the smallest reduction (around 40%) compared to reductions of 60% and 55% for the 
samples under water and saline solution, respectively, at duration intervals ranging from 2000 
to 3000 hours. The impact of saline solution on Gf can also be observed where the specimens 
subjected to continuous immersion in saline solution undergo a much earlier reduction 
compared to those in water and alkaline as shown in Table 4-5.  
Due to the sensitivity of the resin layer of FRP bars to temperature, the Gf for specimens 
under dry-heat conditioning undergoes a dramatic drop. A decrease of 65% is observed at 
temperatures ranging from 0 to 100°C. After that, the Gf declines below 10% at temperatures 
between 100 to 200°C. Furthermore, there is no noticeable change to Gf in the temperature 
ranges 200 to 300°C and >300°C. The value of Gf drops to just below 5% as illustrated in  
Table 4-6. It is worth mentioning that in all environmental conditions, carbon FRP has 
slightly better performance compared to that of basalt FRP and glass FRP bars. 
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Table 4-5. Normalised fracture energy under hygrothermal conditions. 
Normalised fracture energy 
Duration 
(Hours) 
Water Saline Alkaline 
G C B G C B G C B 
[0, 1000] - - - 0.60 0.60 0.60 - - - 
(1000, 2000] 0.91 0.83 0.88 0.56 0.55 0.56 0.80 0.83 0.82 
(2000, 3000] 0.39 0.40 0.39 0.52 0.55 0.53 0.58 0.61 0.59 
 
Table 4-6. Normalised fracture energy under dry-heat conditions. 
Normalised fracture energy 
Temperature 
(°C) 
Dry-heat 
G C B 
[0, 100] 0.35 0.35 0.35 
(100, 200] 0.07 0.07 0.07 
(200, 300] 0.03 0.04 0.03 
>300 0.02 0.03 0.02 
 
4.4 Influence of environmental exposure on development length of FRP reinforcement 
In this section, a numerical solution is provided to obtain several critical parameters for FRP-
RC members including maximum load for debonding failure (PIC), maximum load for rupture 
failure (Pfr), embedment length for developing rupture failure load (L) and embedment length 
for developing debonding failure load (Lcrit). The obtained parameters are then used to 
investigate the relative degradation on the interfacial bond and FRP bar itself for specific cases. 
Finally, the values of development length for FRP-reinforced concrete members are predicted 
using the proposed model and then compared with ACI development length formula 
predictions. 
4.4.1 Analytical solution 
In reinforced concrete members, two primary modes of reinforcement failure may occur, 
namely rupture or debonding. The former is controlled by the material stress-strain relationship 
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and the latter by the interfacial bond stress-slip relationship. Traditionally, reinforcement 
detailing is conducted on the basis that the interfacial behaviour is not significantly influenced 
by environmental conditioning and hence debonding of the reinforcement is always avoided 
by providing a sufficiently long development length. However, given the significant 
degradation of the bond stress-slip relationships shown in Figure 4.5, it is possible that detailing 
guidelines do not provide sufficient development length to reach the design stress in the 
reinforcement. This issue will now be investigated. 
Firstly, the influence of environmental conditioning on the material properties of the FRP 
bar are considered. Although many tests have been conducted to show the impact of 
environmental exposure upon FRP strength and stiffness, the results of bare bar tests may lead 
to an overestimation of the degradation of properties because in practice the bar is protected by 
the surrounding concrete (Wu et al. 2002; Micelli and Nanni 2004; Trejo et al. 2005; Wang et 
al. 2007; Kim et al. 2008; Wu et al. 2011; Serbescu et al. 2014; Wu et al. 2014; Zhu et al. 2014). 
Therefore, only bars exposed to environmental conditioning when provided with a cover of 
concrete or mortar are considered (Robert et al. 2009; Almusallam et al. 2012; Alsayed et al. 
2012; Robert and Benmokrane 2013; Najafabadi et al. 2019). Based on the results of (Robert 
et al. 2009; Almusallam et al. 2012; Alsayed et al. 2012; Robert and Benmokrane 2013; 
Najafabadi et al. 2019), 5th percentile reduction factors for tensile strength (ησ) are provided in 
Table 4-7. Note that no reduction in bar elastic modulus is considered based on the findings in 
previous studies (Alsayed et al. 2012; Robert and Benmokrane 2013). 
 
Table 4-7. 5th percentile reduction factor of tensile strength of FRP bars. 
Conditioning regimes Duration/Temperature ησ 
Hygrothermal 
[1000, 2000] 0.93 
(2000, 3000] 0.92 
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Dry-heat 
[0, 100] 0.90 
(100, 200] 0.67 
(200, 300] 0.57 
>300 0.30 
 
From TableTable 4-7, it can be observed that under both hygrothermal and dry-heat 
conditioning a noticeable weakening of tensile strength occurs. For hygrothermal conditioning 
the duration ranging from 0 and 1000 hours is missing from Table 4-7 because few 
experimental results were available in order to draw meaningful conclusions. For temperatures 
greater than 300°C, only results up to 600°C are considered in order to align with the 
temperature range for the bond tests in Table 4-3.  
Based on well-established fracture mechanics (Yuan et al. 2004; Mohamed Ali et al. 2006), 
for reinforcement that is not limited by the development length, the maximum load at which 
debonding of a material from a brittle substrate will occur (PIC) is given by 
𝑷𝑰𝑪 = √𝟐𝑮𝒇𝑳𝒑𝒆𝒓𝑬𝒇𝒓𝒑𝑨𝒇𝒓𝒑     4-4 
in which Gf is the interfacial fracture energy for which reduction factors are given in Table 
4-5 and  
Table 4-6, and Lper is the bonded perimeter of the reinforcement which has an elastic modulus 
of Efrp and a cross-sectional area of Afrp. 
Using Eq. 4 it is possible to determine the maximum force that can be developed prior to 
debonding. This can be compared to the maximum force that can be developed prior to fracture 
(Pfr) in Eq. 4.5 in order to determine the governing failure mode and failure load; 
𝑷𝒇𝒓 = 𝜼𝝈𝑨𝒇𝒓𝒑𝝈𝒇𝒓     4-5 
where σfr is the fracture strength. 
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Having determined the maximum load that can be developed in the reinforcement, it is then 
a matter of quantifying the corresponding development length. For the case where the force is 
limited by debonding PIC<Pfr, established fracture mechanics provides the minimum 
development length (Lcrit) required to reach PIC. 
𝐿𝑐𝑟𝑖𝑡 =
𝜋
2√
𝜏𝑚𝑎𝑥𝐿𝑝𝑒𝑟
𝛿𝑢𝑙𝑡𝐸𝑓𝑟𝑝𝐴𝑓𝑟𝑝
      4-6 
It should be noted here that the analytical solution (Eq. 4.6) is an approximation to the actual 
behaviour since the development of Eq. 4.5 is based on the application of a bi-linear bond stress 
slip relationship rather than the mBEP model. It can, however, be observed in Figure 4.5 that 
a bi-linear approximation yields a good fit to the mBEP model because of the very small values 
for δmax. 
In the case where the capacity of the reinforcement is limited by fracture, we can consider 
partial interaction mechanics applied to a short-bonded length (Vaculik et al. 2018) in which 
the pull-out force (P) developed over a bonded length Lb is 
𝑃 = [
𝜆2 sin(𝜆2𝐿)
1
𝐸𝑓𝑟𝑝𝐴𝑓𝑟𝑝
+
1
𝐸𝑐𝐴𝑐
] (
𝜏𝑚𝑎𝑥
𝐾𝑑
)      4-7 
In which,  
𝜆2 = √𝐾𝑑𝐿𝑝𝑒𝑟 (
1
𝐸𝑓𝑟𝑝𝐴𝑓𝑟𝑝
+
1
𝐸𝑐𝐴𝑐
)      4-8 
where Ec is the elastic modulus of the concrete, and Ac is the effective cross-sectional area 
around the reinforcement which can be taken as equal to 2C2 (i.e. C is the cover to the centre 
of the bar) 
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Eq. 4.7 can be directly applied to existing structures to determine the maximum force that 
can be developed for an existing development length L. Alternatively, Eq. 4.7 can be re-
arranged in terms of L in order to define the length required to develop any force less than PIC. 
𝐿 =
sin−1[
𝑃𝐾𝑑(
1
𝐸𝑓𝑟𝑝𝐴𝑓𝑟𝑝
+
1
𝐸𝑐𝐴𝑐
)
𝜆2𝜏𝑚𝑎𝑥
]
𝜆2
       4-9 
4.4.2 Analytical example 
In order to understand the influence of hygrothermal and dry-heat conditions on the global 
behaviour of FRP-RC members, three full-range bond stress-slip curves with various bar 
diameters (8, 12 and 16 mm) are extracted from Baena et al. (2009). The mechanical properties 
and geometrical specifications of the extracted specimens are shown in Table 4-8 and their 
bond stress-slip relationships can be found in Table 4-9. 
Table 4-8. Extracted properties of test specimens for bond stress-slip model determination 
(Baena et al. 2009). 
db (mm) C (mm) Efrp (GPa) σfr (MPa) f’c (MPa) 
8, 12 and 16 96, 94 and 92 60 1000 
29.7, 28.3 
and 26.9 
Note: db is bar diameter, C is concrete cover, Efrp is Modulus of Elasticity of FRP bar, σfr is 
tensile fracture strength of FRP bar, f’c is concrete strength. 
 
A set of environmental reduction factors from Table 4-3 is adopted in order to simulate the 
deteriorated bond stress-slip curves after conditioning. Subsequently, Eq. 4-9 are used to 
establish the global properties for the FRP-RC members. 
Table 4-9. Bond stress-slip model parameters (Baena et al. 2009). 
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db (mm) τmax (MPa) δmax (mm) δult (mm) 
8 18.8 0.1 10.2 
12 14.6 0.2 9.9 
16 15.5 0.2 11.9 
Note: db is bar diameter, τmax is maximum bond strength, δmax is maximum slip corresponding 
to maximum bond strength, δult is ultimate slip. 
Based on the extracted global properties, regardless of the exposure duration, failure modes 
of the specimens subjected to hygrothermal conditions remains at FRP bar fracture failure.  
Based on the obtained global properties, the propensity to debond rather than rupture is 
observed, in the case of Pfr/ PIC>1, as shown in Figure 4.6. It is clear in this case regardless of 
the bar diameter of the FRP bar, the ratio between Pfr and PIC increases with increasing exposure 
duration and temperature. When the ratio between Pfr/ PIC equals unity, the fracture failure 
shifts to interfacial debonding failure. This is likely to indicate that the degradation of the 
interfacial bond is more rapid than that of the FRP bar itself, as illustrated in Figure 4.6(a). 
Figure 4.6(b) shows the influence of a dry-heat condition on the global response of FRP-RC 
members. The dramatic increase in Pfr/ PIC values are observed under temperature ranges from 
0 to 300°C followed by a sharp reduction. It can be explained that at temperature ranges from 
200-300°C the interfacial bond properties reach their lowest and any further increase in 
temperature will only continue to degrade the material properties of the FRP bar. This is the 
main reason why concrete members reinforced with 8 mm diameter GFRP bars experience 
failure modes shifting from debonding to rupture failure. 
The influence of bar diameter on the global response is also clearly illustrated in Figure 4.6. 
The current results indicate that interfacial bond degradation is more progressive with a larger 
bar diameter in both hygrothermal and dry-heat conditions regardless of environmental regimes 
type. 
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(a) (b) 
Figure 4.6. Trends in Pfr/PIC under: (a) Hygrothermal conditions, (b) dry-heat conditions 
(Note: W-water, A-alkaline, S-saline and T-dry-heat, the number following the 
environmental regimes denotes the bar diameter.) 
Additionally, the calculated Lcrit are also compared to that recommended by the ACI standard 
(ACI 2015). The ACI recommended Lcrit is 
𝐿𝑐𝑟𝑖𝑡 =
𝛼∙
𝐶𝐸𝜎𝑓𝑟
0.083√𝑓𝑐
′
13.6+
𝐶
𝑑𝑏
∙ 𝑑𝑏     4-10 
where α is the position modification factor taken as 1.0, and CE is the ACI recommended 
environmental reduction factor of 0.7. 
The change of Lcrit under different environmental conditions and baseline Lcirt are shown in 
Figure 4.7. For hygrothermal conditions, the majority of the ACI recommended Lcrit values 
provides conservative results. Lcrit values from the analytical formula with 8 mm bar diameter 
are, however, close to the value provided by the ACI standard as illustrated in Figure 4.7(a-c). 
Conversely, the development length of the specimens treated with dry-heat environments 
calculated from ACI standard, in general, cannot satisfy the required Lcrit to develop PIC after 
100 °C. This result is understandable given the ACI recommendation to avoid the use of FRP 
bars in structures facing a fire risk. 
Debonding threshold
Debonding threshold
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(a) (b) 
 
 
(c) (d) 
Figure 4.7. Comparison between varied Lcrit under various environmental conditioning and 
Lcrit recommended by ACI for results from: (a) Water, (b) Alkaline, (c) Saline, and (d) Dry-
heat conditions. 
4.5 Conclusions 
A database of 544 experimental observations for maximum bond strength as well as a sub-
set database of 315 experimental observations for bond stress-slip relationships for specimens 
exposed to hygrothermal and dry-heat conditions prior to testing have been collated and 
reported in this paper. Based on the data collected, capacity reduction factors that quantify the 
reduction in interfacial bond properties after various periods and temperatures of exposure have 
been established.  
The outcomes of this analysis indicate that: 
ACI-8 mm
ACI-12 mm
ACI-16 mm
ACI-8 mm
ACI-12 mm
ACI-16 mm
ACI-8 mm
ACI-12 mm
ACI-16 mm
ACI-8 mm
ACI-12 mm
ACI-16 mm
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1) Despite the large number of experimental observations that have been collected, it is 
not possible to develop detailed models to describe the reduction in interfacial bond 
properties due to the magnitude of scatter in each parameter consisting of a bond stress-
slip curve shown in this study. This is because experimental campaigns have generally 
not been conducted following any specific regime of exposure. A systematic approach 
to managing the large number to test variables is largely missing. 
2) As an alternative to detailed modelling, a lower bound 5th percentile reduction factor 
based on broad categories of environmental exposure have been developed and these 
factors will allow the inclusion of interfacial bond degradation in the design of FRP 
reinforced structures.  
Based on the interfacial bond properties developed, fracture mechanics and partial 
interaction theory have been applied to quantify the transition from failure being controlled by 
reinforcement fracture to reinforcement debonding. In this analysis, it is shown that: 
1) Two primary failure modes are identified, namely FRP bar fracture failure and 
interfacial debonding failure. The fracture failure is the main failure mode under 
hygrothermal conditions and interfacial debonding is found in the majority of cases 
under dry-heat conditioning.  
2) The failure mode tends to shift from FRP bar fracture mode to an interfacial debonding 
mode since the degradation rate of the interfacial bond is faster than that of the tensile 
strength of FRP bar under the environmental conditions. This is more critical for 
specimens under dry-heat conditioning.  
3) Larger diameter FRP bars are more prone to interfacial debonding failure after 
environmental conditioning. This occurs on account of deterioration of the interfacial 
bond being more severe than that of the FRP bar tensile strength, meaning that larger 
diameter bars are more prone to a higher tensile force capacity than debonding force.  
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4) ACI recommended development lengths are rather conservative under hygrothermal 
conditions, however, they cannot fulfil the requirement for FRP-RC members under 
dry-heat conditions exceeding 100°C in order to develop the full debonding force. 
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4.8 Supplementary document I 
Bond stress/ slip curves from curve fitting 
4.8.1 Water 
Davalos et al. (2008) 
 
 
 
 
Note: Nomination (FRP bar type- conditioning regime); C denotes the Carbon FRP bar, G1 
denotes the 9.1mm Glass FRP bar with helical wrap, G2 denotes the 12.7mm Glass FRP bar 
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with helical wrap, G3 denotes the 9.5mm Glass FRP bar with sand coating surface, W denotes 
tap water, T denotes 60°C tap water. 
 
Robert et al. (2010) 
\ 
Note: Nomination (FRP bar type- conditioning regime and conditioning temperature- exposure 
time). 
 
Altalmas (2014) 
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Note: Nomination (FRP bar type+conditioning regime-temperature-testing sequence); B1 
denotes the Basalt FRP bar with pure surface deformation, B2 denotes the Basalt FRP bar with 
sand coating surface, C denotes the control specimen, L.E denotes the bond stress-loaded-end 
slip curve. 
 
4.8.2 Alkaline 
Altalmas (2014) 
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Note: Nomination (FRP bar type+conditioning regime-temperature-testing sequence); K 
denotes alkaline solution. 
 
Hassan et al. (2016) 
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Note: Nomination (FRP bar type+ testing sequence- (exposure time-temperature)). 
 
Yan et al. (2016) 
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Note: Nomination (Concrete batch number-Environmental regime-concrete cover to FRP bar 
ratio-testing sequence); M denotes concrete batch number, A denotes the unconditioned 
specimen, C denotes alkaline-saline solution. 3.0 and 4.5 denotes concrete cover to FRP bar 
ratio. 
 
4.8.3 Saline 
Altalmas (2014) 
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Note: Nomination (FRP bar type+ environmental regimes-exposure temperature-testing 
sequence); S denotes saline solution. 
 
Dong et al. (2016) 
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 308 
 
 309 
 
 310 
 
 
 311 
 
 
Note: Nomination (FRP bar type-exposure temperature-exposure time); BV denotes the Basalt 
FRP bar with vinyl ester resin, BVS denotes the sand coated Basalt FRP bar with vinyl ester 
resin, BE denotes the Basalt FRP bar with epoxy resin, CE denotes the Carbon FRP bar with 
epoxy resin, and GV denotes the Glass FRP bar with vinyl ester resin. 
 
Yan et al. (2017) 
 
Note: Nomination (Type of concrete+ percentage of fibre-exposure temperature-exposure 
time); PC denotes plain concrete. 
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4.8.4 Dry-heat 
Katz et al. (1999) 
 
Note: Nomination (FRP bar type-exposure temperature); CB denotes the Glass FRP bar with 
large surface deformation, CPH denotes the Glass FRP bar with helical wrap surface, CPI 
denotes the Glass FRP bar with wide helical wrap surface, NG denotes the Glass FRP bar with 
helical wrap and sand coating surface. 
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Alverez et al. (2007) 
 
Note: Nomination (FRP bar type-exposure temperature). 
 
Masmoudi et al. (2010) 
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Note: Nomination (FRP bar type-bar diameter-exposure temperature). 
 
Altalmas (2014) 
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Note: Nomination (FRP bar type+ environmental regimes-testing sequence); T denotes thermal 
condition. 
 
El-gamal (2014) 
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Note: Nomination (FRP bar type-exposure temperature-exposure time). 
 
Calvet et al. (2015) 
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 318 
 
 
 
Note: Nomination (FRP bar type+ bar diameter-exposure temperature); CDT denotes the 
Carbon FRP bar with helical wrap and textured surface, CS denotes the Carbon FRP bar with 
sand coating, and CR denotes the Carbon FRP bar with deformation surface. 
 
Hamad et al. (2017) 
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Note: Nomination (FRP bar type-exposure temperature). 
 
Li et al. (2017) 
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Note: Nomination (FRP bar type-exposure temperature). 
 
Ozkal et al. (2018) 
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Note: Nomination (FRP bar type-exposure temperature). 
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4.9 Supplementary document II 
4.9.1 Water 
Reference Sample ID τmax 
Free-end Loaded-end 
Surface 
texture αf δmax.f δult.f Kaf Kdf αl ∆max ∆ultl Kal Kdl 
Altalmas (2014) B1C-1 18.51 0.25 2.87 43.11 6.45 -0.46 0.46 4.84 42.62 3.82 -0.49 D 
Altalmas (2014) B1C-2 18.98 - 0.81 - 23.43 - - 4.41 - 4.30 - D 
Altalmas (2014) B1C-3 24.46 0.12 2.26 - 10.82 - - 5.67 - 4.31 - D 
Altalmas (2014) B1W-90-1 19.28 0.24 2.47 38.85 7.81 -0.53 0.36 3.73 43.08 5.17 -0.49 D 
Altalmas (2014) B1W-90-3 19.81 0.20 2.57 52.10 7.71 -0.40 0.39 4.31 50.38 4.60 -0.43 D 
Altalmas (2014) B2C-1 26.39 - - - - - - - -  - DS 
Altalmas (2014) B2C-2 25.80 - 0.20 - 129.00 - - 2.27 - 11.37 - DS 
Altalmas (2014) B2C-3 28.48 - - - - - - - - - - DS 
Altalmas (2014) B2C-4 28.02 0.12 0.11 0.29 254.73 -151.60 0.47 2.01 4.02 13.94 -13.91 DS 
Altalmas (2014) B2C-5 30.51 - - - - - - - - - - DS 
Altalmas (2014) B2W-90-1 24.65 - - - - - 0.55 1.86 3.60 13.25 -14.17 DS 
Altalmas (2014) B2W-90-2 24.72 0.50 0.69 0.76 35.83 -367.10 0.63 2.16 3.98 11.44 -13.56 DS 
Altalmas (2014) B2W-90-3 23.40 0.54 0.05 0.11 468.00 -383.80 0.76 2.12 3.81 11.04 -13.88 DS 
Altalmas (2014) GC-1 18.89 - 0.10 - 188.90 - - 1.90 - 9.94 - D 
Altalmas (2014) GC-2 18.92 0.64 0.05 5.43 378.40 -3.52 0.85 1.71 7.16 11.06 -3.47 D 
Altalmas (2014) GC-3 17.44 - - - - - - 1.59 - 10.97 - D 
Altalmas (2014) GW-90-1 17.53 0.22 0.24 7.48 73.04 -2.42 0.40 0.88 18.59 19.92 -0.99 D 
Altalmas (2014) GW-90-2 18.30 0.27 0.26 7.49 70.38 -2.53 0.16 0.60 13.22 30.50 -1.45 D 
Altalmas (2014) GW-90-3 20.34 0.50 0.41 3.47 49.61 -6.64 0.33 1.00 8.32 20.34 -2.78 D 
Davalos et al. (2008) G1-control 20.02 0.03 0.40 27.45 50.05 -0.74 - - - - - DS 
Davalos et al. (2008) G1-W 17.71 0.05 0.86 19.12 20.59 -0.97 - - - - - DS 
 323 
 
Davalos et al. (2008) G1-T 19.89 0.06 0.68 21.62 29.25 -0.95 - - - - - DS 
Davalos et al. (2008) G2-control 21.79 0.01 0.10 15.23 217.90 -1.44 - - - - - DS 
Davalos et al. (2008) G2-W 20.26 0.04 0.47 18.40 43.11 -1.13 - - - - - DS 
Davalos et al. (2008) G2-T 19.8 0.06 0.34 31.2775 58.24 -0.64 - - - - - DS 
Davalos et al. (2008) G3-control 23.23 0.08 0.12 11.74 193.58 -2.00 - - - - - SC 
Davalos et al. (2008) G3-W 19.58 0.04 0.07 5.51 279.71 -3.60 - - - - - SC 
Davalos et al. (2008) G3-T 19.86 0.19 0.03 5.50107 662 -3.63 - - - - - SC 
Davalos et al. (2008) C-control 20.45 0.13 0.03 1.82 681.67 -11.42 - - - - - R 
Davalos et al. (2008) C-W 22.72 0.07 0.09 2.73 252.44 -8.59 - - - - - R 
Davalos et al. (2008) C-T 17.81 0.33 0.18 2.10958 98.9444 -9.23 - - - - - R 
Robert et al. (2010) G-control 16.17 0.27 1.55 22.55 10.43 -0.77      SC 
Robert et al. (2010) G-W50-180 14.85 1 1.59 21.39 9.34 -0.75      SC 
Note: τmax denotes maximum bond strength, αf denotes curve-fitting function for bond stress-free-end slip curve, δmax.f denotes maximum slip for 
the bond stress-free-end slip curve, δult.f denotes ultimate slip for the bond stress-free-end slip curve, Kaf denotes slope of the ascending curve 
branch for the bond stress-free-end slip curve, Kdf denotes slope of descending curve branch for bond stress-free-end slip curve,αl denotes curve-
fitting function for for bond stress-loaded-end slip curve, ∆max denotes maximum slip for the bond stress-loaded-end slip curve, ∆ultl denotes 
ultimate slip for the bond stress-loaded-end slip, Kal denotes slope of the ascending curve branch, Kdl denotes slope of the descending curve branch 
for the bond stress-loaded-end slip curve, * denotes the outlier. 
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4.9.2 Alkaline 
Reference Sample ID τmax 
Free-end Loaded-end 
Surface texture 
αf δmax.f δult.f Kaf Kdf αl ∆max ∆ultl Kal Kdl 
Altalmas (2014) B2K-30-1 24.79 - 0.11 - 225.36 - 0.98 3.20 4.91 7.75 -14.48 DS 
Altalmas (2014) B2K-30-2 25.43 - 0.06 - 423.83 - - 1.93 - 13.18 - DS 
Altalmas (2014) B2K-30-3 28.40 - 0.14 - 202.86 - - 4.00 - 7.10 - DS 
Altalmas (2014) B2K-60-1 25.77 0.34 0.14 0.23 184.07 -277.70 0.50 2.09 3.86 12.33 -14.52 DS 
Altalmas (2014) B2K-60-2 28.05 - - - - - - 2.25 - 12.47 - DS 
Altalmas (2014) B2K-60-3 25.77 - 0.13 - 198.23 - - 2.28 - 11.30 - DS 
Altalmas (2014) B2K-90-1 26.39 0.27 0.11 - 239.91 - - 2.31 - 11.42 - DS 
Altalmas (2014) B2K-90-2 22.89 - 0.00 - - - 0.63 2.12 3.78 10.80 -13.82 DS 
Altalmas (2014) B2K-90-3 23.67 - 0.16 - 147.94 - - 2.23 - 10.61 - DS 
Altalmas (2014) GK-30-1 19.02 - 0.24 - 79.25 - - 1.36 - 13.99 - D 
Altalmas (2014) GK-30-2 18.32 0.31 0.24 9.63 76.33 -1.95 0.68 1.71 10.82 10.71 -2.01 D 
Altalmas (2014) GK-30-3 18.90 - 0.47 - 40.21 - - 0.55 - 34.36 - D 
Altalmas (2014) GK-60-1 17.65 - 0.80 - 22.06 - - 1.00 - 17.65 - D 
Altalmas (2014) GK-60-2 18.65 - 0.21 - 88.81 - - 0.62 - 30.08 - D 
Altalmas (2014) GK-60-3 18.61 0.22 0.18 5.35 103.39 -3.60 0.44 1.28 6.09 14.54 -3.87 D 
Altalmas (2014) GK-90-1 17.75 0.60 0.70 2.94 25.36 -7.94 0.70 1.60 5.52 11.09 -4.53 D 
Altalmas (2014) GK-90-2 19.27 - 0.27 - 71.37 - - 2.17 - 8.88 - D 
Altalmas (2014) GK-90-3 17.49 0.49 0.62 - 28.21 - - 1.45 - 12.06 - D 
Hassan et al. (2016) B1-(0-23)* 11.94 0.24 1.06 1.18 11.26 -97.47 - - - - - D 
Hassan et al. (2016) B2-(0-23) 13.67 0.24 1.28 10.21 10.68 -1.53 - - - - - D 
Hassan et al. (2016) B3-(0-23) 13.96 0.22 1.58 8.20 8.84 -2.11 - - - - - D 
Hassan et al. (2016) B4-(0-23) 14.53 0.25 1.45 7.13 10.02 -2.56 - - - - - D 
Hassan et al. (2016) B5-(0-23) 13.04 - - - - - - - - - - D 
Hassan et al. (2016) B1-(1.5-40) 13.64 0.17 1.32 10.01 10.33 -1.57 - - - - - D 
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Hassan et al. (2016) B2-(1.5-40) 16.17 0.19 1.4 7.30 11.55 -2.74 - - - - - D 
Hassan et al. (2016) B3-(1.5-40) 16.48 0.18 1.08 10.83 15.26 -1.69 - - - - - D 
Hassan et al. (2016) B4-(1.5-40) 14.72 0.26 1.28 7.03 11.50 -2.56 - - - - - D 
Hassan et al. (2016) B5-(1.5-40) 12.47 0.14 1.1 8.48 11.34 -1.69 - - - - - D 
Hassan et al. (2016) B1-(1.5-50) 17.66 0.18 1.24 11.22 14.24 -1.77 - - - - - D 
Hassan et al. (2016) B2-(1.5-50) 18.16 0.19 1.19 17.40 15.26 -1.12 - - - - - D 
Hassan et al. (2016) B3-(1.5-50) 18.87 0.19 1.45 10.35 13.01 -2.12 - - - - - D 
Hassan et al. (2016) B4-(1.5-50) 21.41 0.23 1.2 12.12 17.84 -1.96 - - - - - D 
Hassan et al. (2016) B5-(1.5-50) 20.43 0.21 1.5 15.12 13.62 -1.5 - - - - - D 
Hassan et al. (2016) B1-(1.5-60) 17.54 0.22 1.1 10.53 15.95 -1.86 - - - - - D 
Hassan et al. (2016) B2-(1.5-60) 18.32 0.21 1.29 10.50 14.20 -1.99 - - - - - D 
Hassan et al. (2016) B3-(1.5-60) 20.37 0.23 1.55 11.39 13.14 -2.07 - - - - - D 
Hassan et al. (2016) B4-(1.5-60) 19.03 0.39 0.32 0.99 59.47 -28.37 - - - - - D 
Hassan et al. (2016) B5-(1.5-60) 19.95 0.24 1.44 14.23 13.85 -1.56 - - - - - D 
Hassan et al. (2016) B1-(3-40) 10.64 0.16 1.38 9.50 7.71 -1.31 - - - - - D 
Hassan et al. (2016) B2-(3-40) 18.46 0.28 1.11 11.14 16.63 -1.84 - - - - - D 
Hassan et al. (2016) B3-(3-40) 12.32 0.22 1.01 6.41 12.20 -2.28 - - - - - D 
Hassan et al. (2016) B4-(3-40) 13.46 0.23 1.38 8.90 9.75 -1.79 - - - - - D 
Hassan et al. (2016) B5-(3-40) 11.6 0.21 1.36 9.53 8.53 -1.42 - - - - - D 
Hassan et al. (2016) B1-(3-50) 16.32 0.19 1.76 11.09 9.27 -1.75 - - - - - D 
Hassan et al. (2016) B2-(3-50) 18.37 0.33 1.86 14.19 9.88 -1.49 - - - - - D 
Hassan et al. (2016) B3-(3-50) 16.67 0.29 1.32 10.69 12.63 -1.78 - - - - - D 
Hassan et al. (2016) B4-(3-50) 20.16 0.26 1.45 12.29 13.90 -1.86 - - - - - D 
Hassan et al. (2016) B5-(3-50) 20.59 0.28 1.24 11.38 16.60 -2.03 - - - - - D 
Hassan et al. (2016) B1-(3-60) 22.08 0.22 0.67 21.11 32.96 -1.08 - - - - - D 
Hassan et al. (2016) B2-(3-60) 21.25 0.27 1.09 8.06 19.50 -3.05 - - - - - D 
Hassan et al. (2016) B3-(3-60) 17.44 0.23 1.32 12.22 13.21 -1.6 - - - - - D 
Hassan et al. (2016) B4-(3-60) 19.74 0.25 1.22 10.49 16.18 -2.13 - - - - - D 
 326 
 
Hassan et al. (2016) B5-(3-60) 18.85 0.23 1.47 10.94 12.82 -1.99 - - - - - D 
Hassan et al. (2016) B1-(6-40) 11.56 0.18 1.48 9.56 7.81 -1.43 - - - - - D 
Hassan et al. (2016) B2-(6-40) 15.72 0.19 1.41 11.82 11.15 -1.51 - - - - - D 
Hassan et al. (2016) B3-(6-40) 11.68 0.19 1.6 7.65 7.30 -1.93 - - - - - D 
Hassan et al. (2016) B4-(6-40) 11.04 0.17 1.49 7.59 7.41 -1.81 - - - - - D 
Hassan et al. (2016) B5-(6-40) 12.43 0.17 1.46 8.25 8.51 -1.83 - - - - - D 
Hassan et al. (2016) B1-(6-50) 15.53 0.34 1.88 18.23 8.26 -0.95 - - - - - D 
Hassan et al. (2016) B2-(6-50) 18.9 0.19 1.51 14.82 12.52 -1.42 - - - - - D 
Hassan et al. (2016) B3-(6-50) 19.16 0.2 1.35 17.05 14.19 -1.22 - - - - - D 
Hassan et al. (2016) B4-(6-50) 17.24 0.19 1.66 15.02 10.39 -1.29 - - - - - D 
Hassan et al. (2016) B5-(6-50) 19.24 0.21 1.38 15.22 13.94 -1.39 - - - - - D 
Hassan et al. (2016) B1-(6-60) 21.81 0.2 1.12 14.58 19.47 -1.62 - - - - - D 
Hassan et al. (2016) B2-(6-60) 16.83 0.18 1.07 11.86 15.73 -1.56 - - - - - D 
Hassan et al. (2016) B3-(6-60) 21.32 0.17 1.06 12.97 20.11 -1.79 - - - - - D 
Hassan et al. (2016) B4-(6-60) 16.5 0.21 1.14 12.21 14.47 -1.49 - - - - - D 
Hassan et al. (2016) B5-(6-60) 15.52 0.22 1.08 11.93 14.37 -1.43 - - - - - D 
Yan et al. (2016) M2-A-3.0-1 17.26 - 1.22 - 14.15 - - 1.78 - 9.70 - DS 
Yan et al. (2016) M2-A-3.0-2 18.04 0.19 1.4 25.78 12.89 -0.74 0.42 1.69 27.83 10.67 -0.69 DS 
Yan et al. (2016) M2-A-3.0-3 16.59 - 1.15 - 14.43 - - 1.67 - 9.93 - DS 
Yan et al. (2016) M3-A-4.5-1 19.11 - 0.67 - 28.52 - - 1.53 - 12.49 - DS 
Yan et al. (2016) M3-A-4.5-2 18.57 0.29 0.65 26.09 28.57 -0.73 0.52 1.68 27.12 11.05 -0.73 DS 
Yan et al. (2016) M3-A-4.5-3 18.89 - 0.64 - 29.52 - - 1.41 - 13.40 - DS 
Yan et al. (2016) M2-C-3.0-1 17.5 0.21 1.54 22.62 11.36 -0.83 0.41 1.95 25.28 8.97 -0.75 DS 
Yan et al. (2016) M2-C-3.0-2 17.21 - 1.48 - 11.63 - - 1.89 - 9.11 - DS 
Yan et al. (2016) M2-C-3.0-3 16.79 - 1.57 - 10.69 - - 1.91 - 8.79 - DS 
Yan et al. (2016) M3-C-4.5-1 17.52 0.15 0.62 23.67 28.26 -0.76 0.52 1.67 25.03 10.49 -0.75 DS 
Yan et al. (2016) M3-C-4.5-2 18.68 - 0.59 - 31.66 - - 1.61 - 11.60 - DS 
Yan et al. (2016) M3-C-4.5-3 18.33 - 0.66 - 27.77 - - 1.72 - 10.66 - DS 
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4.9.3 Saline 
Reference Sample ID τmax 
Free-end Loaded-end Surface 
texture αf δmax.f δult.f Kaf Kdf αl ∆max ∆ultl Kal Kdl 
Altalmas (2014) B1S-90-1 20.84 0.25 3.22 54.05 6.47 -0.41 0.38 4.87 52.23 4.28 -0.44 D 
Altalmas (2014) B1S-90-2 19.03 0.18 2.94 41.78 6.47 -0.49 0.47 5.13 59.50 3.71 -0.35 D 
Altalmas (2014) B1S-90-3 18.87 0.17 3.39 35.92 5.57 -0.58 0.21 4.30 33.33 4.39 -0.65 D 
Altalmas (2014) B2S-30-1 29.39 - 0.01 - 2939.00 - - 2.33 - 12.61 - DS 
Altalmas (2014) B2S-30-2 20.12 1 0.15 0.28 134.13 -158.70 0.43 1.55 3.03 12.98 
-
13.61 
DS 
Altalmas (2014) B2S-30-3 23.57 - 0.12 - 196.42 - - 2.07 - 11.39 - DS 
Altalmas (2014) B2S-60-1 24.03 0.15 0.1 0.21 240.30 -226.70 0.62 2.00 3.71 12.02 
-
14.03 
DS 
Altalmas (2014) B2S-60-2 27.23 - 0.34 - 80.09 - - 1.74 - 15.65 - DS 
Altalmas (2014) B2S-60-3 25.74 - 0.13 - 198.00 - - 1.96 - 13.13 - DS 
Altalmas (2014) B2S-90-1 22.62 0.053 0.14 0.16 161.57 -1131 0.73 2.08 3.72 10.88 
-
13.82 
DS 
Altalmas (2014) B2S-90-2 23.05 - 0.12 - 192.08 - - 1.84 - 12.53 - DS 
Altalmas (2014) B2S-90-3 26.01 0.11 0.1 - 260.10 - - 1.54 - 16.89 - DS 
Altalmas (2014) GS-30-1 17.94 0.38 0.25 2.54 71.76 -7.84 1 1.98 3.28 9.06 
-
13.79 
D 
Altalmas (2014) GS-30-3 18.98 - 0.4 - 47.45 - - 1.96 - 9.68 - D 
Altalmas (2014) GS-60-1 17.7 - 0.33 - 53.64 - - 0.96 - 18.44 - D 
Altalmas (2014) GS-60-2 17.81 0.51 0.18 8.28 98.94 -2.20 0.59 1.44 9.47 12.37 
-
2.217 
D 
Altalmas (2014) GS-60-3 19.17 - 0.17 - 112.76 - - 0.69 - 27.78 - D 
Altalmas (2014) GS-90-1 16.44 0.55 0.64 - 25.69 - - 1.47 - 11.18 - D 
Altalmas (2014) GS-90-2 17.33 - 0.35 - 49.51 - - 0.75 - 23.11 - D 
Altalmas (2014) GS-90-3 19.24 0.69 0.43 6.82 44.74 -3.01 0.49 1.17 6.40 16.44 -3.68 D 
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Dong et al. 
(2016) 
BV-control-1 19.62 0.45 1.99 16.52 9.86 -1.35 - - - - - D 
Dong et al. 
(2016) 
BV-control-2 20.63 0.46 1.37 14.18 15.06 -1.61 - - - - - D 
Dong et al. 
(2016) 
BV-control-3 22.12 0.50 1.66 13.55 13.33 -1.86 - - - - - D 
Dong et al. 
(2016) 
BV-25-30-1 22.93 0.47 0.88 12.40 26.06 -1.99 - - - - - D 
Dong et al. 
(2016) 
BV-25-30-2 19.55 0.51 0.92 9.57 21.25 -2.26 - - - - - D 
Dong et al. 
(2016) 
BV-25-30-3 21.78 0.46 0.80 9.51 27.23 -2.50 - - - - - D 
Dong et al. 
(2016) 
BV-25-45-1 21.78 0.51 0.83 9.76 26.24 -2.44 - - - - - D 
Dong et al. 
(2016) 
BV-25-45-2 21.98 0.49 0.89 8.60 24.70 -2.85 - - - - - D 
Dong et al. 
(2016) 
BV-25-45-3 22.54 0.45 1.24 9.94 18.18 -2.59 - - - - - D 
Dong et al. 
(2016) 
BV-25-60-2 19.81 0.52 0.97 9.06 20.42 -2.45 - - - - - D 
Dong et al. 
(2016) 
BV-25-60-3 19.28 0.49 1.11 9.91 17.37 -2.19 - - - - - D 
Dong et al. 
(2016) 
BV-40-15-1 21.78 0.47 0.93 8.76 23.42 -2.78 - - - - - D 
Dong et al. 
(2016) 
BV-40-15-2 18.53 0.47 0.92 11.63 20.14 -1.73 - - - - - D 
Dong et al. 
(2016) 
BV-40-15-3 20.63 0.56 0.94 8.78 21.95 -2.63 - - - - - D 
Dong et al. 
(2016) 
BV40-30-1 20.70 0.41 1.00 10.12 20.70 -2.27 - - - - - D 
Dong et al. 
(2016) 
BV40-30-2 21.84 0.41 0.88 10.50 24.82 -2.27 - - - - - D 
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Dong et al. 
(2016) 
BV40-30-3 19.01 0.39 0.74 8.31 25.69 -2.51 - - - - - D 
Dong et al. 
(2016) 
BV-40-45-1 17.52 0.37 0.83 10.56 21.11 -1.80 - - - - - D 
Dong et al. 
(2016) 
BV-40-45-2 21.58 0.56 0.77 8.14 28.03 -2.93 - - - - - D 
Dong et al. 
(2016) 
BV-40-45-3 19.62 0.33 1.31 10.11 14.98 -2.23 - - - - - D 
Dong et al. 
(2016) 
BV-40-60-2 19.48 0.36 0.63 10.09 30.92 -2.06 - - - - - D 
Dong et al. 
(2016) 
BV-40-60-3 18.33 0.35 0.70 9.35 26.19 -2.12 - - - - - D 
Dong et al. 
(2016) 
BV-55-30-1 18.12 0.52 1.68 16.29 10.79 -1.24 - - - - - D 
Dong et al. 
(2016) 
BV-55-30-2 22.18 0.53 1.04 11.45 21.33 -2.13 - - - - - D 
Dong et al. 
(2016) 
BV-55-30-3 18.40 0.64 1.15 7.35 16.00 -2.97 - - - - - D 
Dong et al. 
(2016) 
BV-55-45-1 15.80 0.40 0.60 - 26.33 - - - - - - D 
Dong et al. 
(2016) 
BV-55-45-2 18.60 0.62 0.46 - 40.43 - - - - - - D 
Dong et al. 
(2016) 
BV-55-45-3 20.20 0.27 0.22 10.37 91.82 -1.99 - - - - - D 
Dong et al. 
(2016) 
BV-55-60-1 16.36 0.55 0.76 8.37 21.53 -2.15 - - - - - D 
Dong et al. 
(2016) 
BV-55-60-2 19.10 0.38 0.62 8.78 30.81 -2.34 - - - - - D 
Dong et al. 
(2016) 
BV-55-60-3 19.39 0.41 0.62 11.64 31.27 -1.76 - - - - - D 
Dong et al. 
(2016) 
BVS-control-1 12.18 0.08 1.26 8.83 9.67 -1.61 - - - - - DS 
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Dong et al. 
(2016) 
BVS-control-2 11.09 0.59 0.07 3.85 158.43 -2.93 - - - - - DS 
Dong et al. 
(2016) 
BVS-control-3 11.13 0.19 0.12 3.79 92.75 -3.03 - - - - - DS 
Dong et al. 
(2016) 
BVS-40-15-1 7.01 0.11 0.10 4.45 70.10 -1.61 - - - - - DS 
Dong et al. 
(2016) 
BVS-40-15-2 19.42 0.3 1.44 22.78 13.49 -0.91 - - - - - DS 
Dong et al. 
(2016) 
BVS-40-15-3 9.1 0.14 0.26 6.54 35.00 -1.45 - - - - - DS 
Dong et al. 
(2016) 
BVS-40-30-1 24.7 0.21 1.47 26.17 16.80 -1.00 - - - - - DS 
Dong et al. 
(2016) 
BVS-40-30-2 17.99 0.19 1.26 17.76 14.28 -1.09 - - - - - DS 
Dong et al. 
(2016) 
BVS-40-45-1 13.8 0.13 0.85 8.31 16.24 -1.85 - - - - - DS 
Dong et al. 
(2016) 
BVS-40-45-2 15.22 0.14 1.27 7.69 11.98 -2.37 - - - - - DS 
Dong et al. 
(2016) 
BVS-40-45-3 17.99 0.22 0.68 - 26.46 - - - - - - DS 
Dong et al. 
(2016) 
BVS-40-60-1 8.6 0.14 0.15 3.27 57.33 -2.76 - - - - - DS 
Dong et al. 
(2016) 
BVS-40-60-2 13.39 0.16 1.26 11.11 10.63 -1.36 - - - - - DS 
Dong et al. 
(2016) 
BVS-40-60-3 16.1 0.16 1.15 8.27 14.00 -2.26 - - - - - DS 
Dong et al. 
(2016) 
BE-control-3 18.19 0.43 1.53 9.47 11.89 -2.29 - - - - - D 
Dong et al. 
(2016) 
BE-40-15-1 19.69 0.34 1.55 9.75 12.70 -2.40 - - - - - D 
Dong et al. 
(2016) 
BE-40-15-2 20.90 0.39 1.56 11.61 13.40 -2.08 - - - - - D 
 331 
 
Dong et al. 
(2016) 
BE-40-15-3 17.99 0.37 1.92 8.97 9.37 -2.55 - - - - - D 
Dong et al. 
(2016) 
BE-40-30-1 21.24 0.21 1.92 - 11.06 - - - - - - D 
Dong et al. 
(2016) 
BE-40-30-2 18.94 0.40 1.92 12.81 9.86 -1.74 - - - - - D 
Dong et al. 
(2016) 
BE-40-30-3 14.34 0.36 1.76 9.15 8.15 -1.94 - - - - - D 
Dong et al. 
(2016) 
BE-40-45-1 18.06 0.43 1.62 12.18 11.15 -1.71 - - - - - D 
Dong et al. 
(2016) 
BE-40-45-2 17.73 0.28 1.65 11.29 10.75 -1.84 - - - - - D 
Dong et al. 
(2016) 
BE-40-45-3 20.56 0.30 1.48 11.22 13.89 -2.11 - - - - - D 
Dong et al. 
(2016) 
BE-40-60-1 18.26 0.33 2.06 10.88 8.86 -2.07 - - - - - D 
Dong et al. 
(2016) 
BE-40-60-2 16.57 0.33 2.08 9.44 7.97 -2.25 - - - - - D 
Dong et al. 
(2016) 
BE-40-60-3 20.50 0.36 1.78 15.09 11.52 -1.54 - - - - - D 
Dong et al. 
(2016) 
GV-control-1 24.15 0.49 2.36 13.75 10.23 -2.12 - - - - - D 
Dong et al. 
(2016) 
GV-control-2 21.71 0.48 1.95 - 11.13 - - - - - - D 
Dong et al. 
(2016) 
GV-40-15-1 24.15 0.57 1.59 - 15.19 - - - - - - D 
Dong et al. 
(2016) 
GV-40-15-2 21.24 0.5 1.45 - 14.65 - - - - - - D 
Dong et al. 
(2016) 
GV-40-15-3 25.17 0.4 2.55 20.79 9.87 -1.38 - - - - - D 
Dong et al. 
(2016) 
GV-40-30-1 21.56 0.55 2.71 - 7.96 - - - - - - D 
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Dong et al. 
(2016) 
GV-40-30-2 21.78 0.58 1.32 15.10 16.50 -1.58 - - - - - D 
Dong et al. 
(2016) 
GV-40-45-1 26.92 0.46 1.94 11.98 13.88 -2.68 - - - - - D 
Dong et al. 
(2016) 
GV-40-45-2 27.46 0.42 2.26 - 12.15 - - - - - - D 
Dong et al. 
(2016) 
GV-40-45-3 19.28 0.5 2.01 12.00 9.59 -1.93 - - - - - D 
Dong et al. 
(2016) 
GV-40-60-1 16.37 0.44 2.4 13.17 6.82 -1.52 - - - - - D 
Dong et al. 
(2016) 
GV-40-60-2 24.28 0.28 2.17 18.80 11.19 -1.46 - - - - - D 
Dong et al. 
(2016) 
GV-40-60-3 23.27 0.53 2.49 12.79 9.35 -2.26 - - - - - D 
Dong et al. 
(2016) 
CE-control-1 21.45 0.13 1.62 7.84 13.24 -3.45 - - - - - D 
Dong et al. 
(2016) 
CE-control-2 26.65 0.44 2.56 9.52 10.41 -3.83 - - - - - D 
Dong et al. 
(2016) 
CE-control-3 24.55 0.44 2.21 7.80 11.11 -4.39 - - - - - D 
Dong et al. 
(2016) 
CE-25-30-1 24.56 0.61 1.61 - 15.25 - - - - - - D 
Dong et al. 
(2016) 
CE-25-30-2 23.54 0.38 1.96 11.08 12.01 -2.58 - - - - - D 
Dong et al. 
(2016) 
CE-25-30-3 25.63 0.34 1.60 12.37 16.02 -2.38 - - - - - D 
Dong et al. 
(2016) 
CE-25-45-1 24.01 0.60 3.20 9.42 7.50 -3.86 - - - - - D 
Dong et al. 
(2016) 
CE-25-45-2 32.40 0.40 2.10 - 15.43 - - - - - - D 
Dong et al. 
(2016) 
CE-25-45-3 23.54 0.37 2.95 7.37 7.98 -5.33 - - - - - D 
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Dong et al. 
(2016) 
CE-40-15-1 26.24 0.27 0.45 - 58.31 - - - - - - D 
Dong et al. 
(2016) 
CE-40-15-2 27.53 0.26 1.07 - 25.73 - - - - - - D 
Dong et al. 
(2016) 
CE-40-15-3 22.93 0.34 2.46 7.33 9.32 -4.71 - - - - - D 
Dong et al. 
(2016) 
CE-40-30-1 28.89 0.48 2.00 - 14.45 - - - - - - D 
Dong et al. 
(2016) 
CE-40-30-2 30.30 0.46 1.79 - 16.93 - - - - - - D 
Dong et al. 
(2016) 
CE-40-30-3 28.27 0.40 1.31 - 21.58 - - - - - - D 
Dong et al. 
(2016) 
CE-55-30-1 25.64 0.39 2.94 7.95 8.72 -5.12 - - - - - D 
Dong et al. 
(2016) 
CE-55-30-2 19.75 0.51 3.26 7.68 6.06 -4.47 - - - - - D 
Dong et al. 
(2016) 
CE-55-30-3 26.31 0.50 2.61 8.37 10.08 -4.57 - - - - - D 
Dong et al. 
(2016) 
CE-55-45-1 23.13 0.53 2.15 5.67 10.76 -6.58 - - - - - D 
Dong et al. 
(2016) 
CE-55-45-2 27.67 0.49 1.06 7.31 26.10 -4.43 - - - - - D 
Dong et al. 
(2016) 
CE-55-45-3 22.73 0.20 3.14 - 7.24 - - - - - - D 
Yan et al. 
(2017) 
PC0.0-Control-
1 
15.69 0.51 0.68 22.47 23.07 -0.72 0.42 1.80 25.94 8.72 -0.65 DS 
Yan et al. 
(2017) 
PC0.0-70-60-2 13.80 0.53 0.77 23.03 17.92 -0.62 0.48 1.88 26.09 7.34 -0.57 DS 
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4.9.4 Dry-heat 
Reference Sample ID τmax 
Free-end Loaded-end 
Surface texture 
αf δmax.f δult.f Kaf Kdf αl ∆max ∆ultl Kal Kdl 
Katz et al. (1999) CB-20 13.20 - - - - - 0.81 3.25 6.50 4.06 -1.79 D 
Katz et al. (1999) CB-130 6.71 - - - - - 0.85 3.27 6.54 2.05 -0.60 D 
Katz et al. (1999) CB-200 1.09 - - - - - 0.51 0.59 1.18 1.85 -0.04 D 
Katz et al. (1999) CPH-20 13.38 - - - - - 1.00 4.61 9.22 2.90 -0.64 DS 
Katz et al. (1999) CPH-130 5.00 - - - - - 1.00 2.54 5.08 1.97 -0.20 DS 
Katz et al. (1999) CPH-200 2.10 - - - - - 1.00 1.25 2.50 1.68 -0.14 DS 
Katz et al. (1999) CPI-20 10.90 - - - - - 0.37 2.61 5.22 4.18 -0.63 D 
Katz et al. (1999) CPI-130 6.66 - - - - - 0.52 1.79 3.58 3.72 -0.31 D 
Katz et al. (1999) CPI-200 1.22 - - - - - 0.45 3.35 6.70 0.36 -0.06 D 
Katz et al. (1999) NG-20 4.37 - - - - - 0.92 5.43 10.86 0.80 -0.38 DS 
Katz et al. (1999) NG-130 1.85 - - - - - 0.93 2.80 5.60 0.66 -0.14 DS 
Katz et al. (1999) NG-200 0.93 - - - - - 0.83 2.38 4.76 0.39 -0.05 DS 
Alvarez et al. (2007) G-20 23.80 0.16 0.35 - 68.00 - - - - - - DS 
Alvarez et al. (2007) G-40 20.60 0.23 0.42 - 49.05 - - - - - - DS 
Alvarez et al. (2007) G-60 22.20 0.20 0.46 - 48.26 - - - - - - DS 
Masmoudi et al. (2010) G-8-20 14.37 0.19 0.37 9.30 38.84 -1.61 - - - - - D 
Masmoudi et al. (2010) G-8-40 13.59 0.23 0.35 8.64 38.83 -1.64 - - - - - D 
Masmoudi et al. (2010) G-8-60 12.70 0.24 0.39 8.64 32.56 -1.54 - - - - - D 
Masmoudi et al. (2010) G-8-80 11.20 0.26 0.44 7.67 25.45 -1.55 - - - - - D 
Masmoudi et al. (2010) G-16-20 10.60 0.23 0.42 8.83 25.24 -1.26 - - - - - D 
Masmoudi et al. (2010) G-16-40 10.10 0.28 0.41 8.06 24.63 -1.32 - - - - - D 
Masmoudi et al. (2010) G-16-60 9.71 0.26 0.49 8.72 19.82 -1.18 - - - - - D 
Masmoudi et al. (2010) G-16-80 7.60 0.22 0.31 8.48 24.52 -0.93 - - - - - D 
Altalmas (2014) B1T-1 23.32 - 4.28 - 5.45 - 0.32 6.94 36.09 3.36 -0.80 D 
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Altalmas (2014) B1T-2 25.21 0.31 5.02 47.04 5.02 -0.60 0.43 7.21 41.74 3.50 -0.73 D 
Altalmas (2014) B1T-3 23.94 0.30 3.00 39.83 7.98 -0.65 0.50 5.50 40.20 4.35 -0.69 D 
Altalmas (2014) B2T-1 29.42 - - - - - - 3.86 - 7.62 - DS 
Altalmas (2014) B2T-2 24.72 0.40 0.12 16.94 206.00 -1.47 0.62 2.05 17.60 12.06 -1.59 DS 
Altalmas (2014) B2T-3 26.38 0.81 0.15 9.44 175.87 -2.84 0.67 2.39 5.71 11.04 -7.95 DS 
Altalmas (2014) GT-1 20.25 0.48 1.51 64.79 13.41 -0.32 0.38 2.19 6.24 9.25 -5.00 D 
Altalmas (2014) GT-2 23.16 0.24 0.98 37.74 23.63 -0.63 0.55 2.53 19.94 9.15 -1.33 D 
Altalmas (2014) GT-3 21.83 - 0.52 - 41.98 - - - - - - D 
El-Gamal (2014) G-control 19.83 0.18 0.37 11.57 53.59 -1.77 - - - - - D 
El-Gamal (2014) G-100-1 18.67 0.24 0.42 16.94 44.45 -1.13 - - - - - D 
El-Gamal (2014) G-100-2 18.24 0.14 0.27 7.51 67.56 -2.52 - - - - - D 
El-Gamal (2014) G-100-3 15.66 0.27 0.26 5.39 60.23 -3.05 - - - - - D 
El-Gamal (2014) G-200-1 17.08 0.19 0.24 7.48 71.17 -2.36 - - - - - D 
El-Gamal (2014) G-200-2 16.68 0.14 0.52 8.21 32.08 -2.17 - - - - - D 
El-Gamal (2014) G-200-3 14.41 0.20 0.36 7.83 40.03 -1.93 - - - - - D 
El-Gamal (2014) G-300-1 15.56 0.18 0.82 4.87 18.98 -3.84 - - - - - D 
El-Gamal (2014) G-300-2 12.02 0.37 0.81 8.77 14.84 -1.51 - - - - - D 
El-Gamal (2014) G-300-3 12.61 0.28 0.39 7.99 32.33 -1.66 - - - - - D 
El-Gamal (2014) G-350-1 14.40 0.14 0.26 8.26 55.38 -1.80 - - - - - D 
El-Gamal (2014) G-350-2 8.84 0.53 0.26 4.53 34.00 -2.07 - - - - - D 
El-Gamal (2014) G-350-3 7.57 0.59 0.22 1.20 34.41 -7.72 - - - - - D 
Calvet et al. (2015) CS8-20 8.89 0.27 0.08 1.53 111.13 -6.15 0.58 0.17 1.20 52.29 -8.65 SC 
Calvet et al. (2015) CS8-5 11.44 0.37 0.09 1.89 127.11 -6.35 0.55 0.22 1.45 52.00 -9.28 SC 
Calvet et al. (2015) CS8-40 7.51 0.47 0.04 1.27 187.75 -6.12 1 0.26 0.89 28.88 -11.94 SC 
Calvet et al. (2015) CS8-80 7.23 0.27 0.02 1.31 361.50 -5.62 0.68 0.13 1.08 55.62 -7.63 SC 
Calvet et al. (2015) CS12-20 14.63 0.22 0.1 2.88 146.30 -5.27 0.7 0.29 2.36 50.45 -7.07 SC 
Calvet et al. (2015) CS12-5 15.59 0.07 0.11 2.53 141.73 -6.44 0.74 0.51 2.74 30.57 -6.98 SC 
Calvet et al. (2015) CS12-40 11.21 0.27 0.12 3.07 93.42 -3.8 0.3 0.23 2.45 48.74 -5.04 SC 
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Calvet et al. (2015) CS12-80 11.83 0.31 0.09 2.88 131.44 -4.24 0.83 0.41 3.07 28.85 -4.45 SC 
Calvet et al. (2015) CR12-20 18.21 0.26 1.38 7.07 13.20 -3.2 0.9 2.14 6.87 8.51 -3.85 D 
Calvet et al. (2015) CR12-5 20.29 0.2 1.12 5.99 18.12 -4.17 0.29 1.46 5.24 13.90 -5.37 D 
Calvet et al. (2015) CR12-40 17.57 0.31 1.1 5.62 15.97 -3.89 0.29 1.36 3.20 12.92 -9.55 D 
Calvet et al. (2015) CR12-80 12.39 0.47 0.64 6.40 19.36 -2.15 0.56 1 2.69 12.39 -7.33 D 
Calvet et al. (2015) CDT13-20* 6.81 0.21 2.36 229.36 2.89 -0.03 0.24 3.21 173.46 2.12 -0.04 D 
Calvet et al. (2015) CDT13-5* 8.35 0.21 2.38 31.17 3.51 -0.29 0.3 2.82 36.22 2.96 -0.25 D 
Calvet et al. (2015) CDT13-40* 6.01 0.21 2.7 88.56 2.23 -0.07 0.25 3.41 89.27 1.76 -0.07 D 
Calvet et al. (2015) CDT13-80* 5.79 0.3 3.02 22.32 1.92 -0.3 0.34 3.23 20.78 1.79 -0.33 D 
Hamad et al. (2017) G-control 2.20 - - - - - 0.35 3.03 5.78 0.73 -0.80 D 
Hamad et al. (2017) G-125 1.48 - - - - - 0.40 2.06 7.98 0.72 -0.25 D 
Hamad et al. (2017) G-250 0.90 - - - - - 0.24 1.73 2.95 0.52 -0.74 D 
Hamad et al. (2017) G-325 0.43 - - - - - 0.36 0.93 1.22 0.46 -1.46 D 
Hamad et al. (2017) B-control 2.71 - - - - - 0.41 2.17 5.78 1.25 -0.75 D 
Hamad et al. (2017) B-125 1.95 - - - - - 0.40 2.19 5.55 0.89 -0.58 D 
Hamad et al. (2017) B-250 0.91 - - - - - 0.23 1.78 47.28 0.51 -0.02 D 
Hamad et al. (2017) B-325 0.49 - - - - - 0.16 1.10 5.55 0.45 -0.11 D 
Hamad et al. (2017) C-control 8.26 - - - - - 0.53 3.55 23.70 2.33 -0.41 DS 
Hamad et al. (2017) C-125 7.47 - - - - - 0.56 3.38 18.62 2.21 -0.49 DS 
Hamad et al. (2017) C-250 4.62 - - - - - 0.56 2.47 6.02 1.87 -1.30 DS 
Hamad et al. (2017) C-325 1.35 - - - - - 0.21 1.50 16.50 0.90 -0.09 DS 
Li et al. (2017) B-control 17.84 0.22 0.55 - 32.44 - - - - - - DS 
Li et al. (2017) B-70 16.93 0.26 0.82 - 20.65 - - - - - - DS 
Li et al. (2017) B-120 15.88 0.23 0.88 - 18.05 - - - - - - DS 
Li et al. (2017) B-170 14.48 0.31 1.04 - 13.92 - - - - - - DS 
Li et al. (2017) B-220 12.42 0.24 1.16 - 10.71 - - - - - - DS 
Li et al. (2017) B-270 11.06 0.44 1.39 - 7.96 - - - - - - DS 
Ozkal et al. (2018) G-control 9.93 - - - - - 1.00 5.22 12.86 1.90 -1.30 SC 
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Ozkal et al. (2018) G-100 8.26 - - - - - 0.93 4.55 8.58 1.82 -2.05 SC 
Ozkal et al. (2018) G-150 7.67 - - - - - 1.00 4.05 9.69 1.89 -1.36 SC 
Ozkal et al. (2018) G-200 7.69 - - - - - 1.00 4.05 8.71 1.90 -1.65 SC 
Ozkal et al. (2018) G-250 6.90 - - - - - 1.00 3.85 10.01 1.79 -1.12 SC 
Ozkal et al. (2018) G-300 6.22 - - - - - 0.75 3.81 9.46 1.63 -1.10 SC 
Ozkal et al. (2018) G-400 5.69 - - - - - 0.96 3.74 11.03 1.52 -0.78 SC 
Ozkal et al. (2018) G-500 4.46 - - - - - 0.68 3.23 12.15 1.38 -0.50 SC 
Ozkal et al. (2018) G-600 3.38 - - - - - 0.70 2.96 17.04 1.14 -0.24 SC 
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5 CONCLUSION AND RECOMMENDATIONS 
The primary objective of this thesis is to investigate the long-term environmental durability 
of FRP strengthened and reinforced concrete members. Although the change in bond behaviour 
of FRP plate to concrete and FRP bar to concrete specimens under environmental conditioning 
are slightly different in terms of the parameters affecting the deterioration, the origin of the 
degradation on the joint behaviour can be investigated using the interfacial bond stress-slip 
relationship. Based on an extensive review of literature provided in this thesis, the research 
gaps in terms of long-term durability are identified on both FRP plate to concrete and FRP bar 
to concrete bond specimens. 
5.1 Durability and Long-Term Performance of FRP-to-Concrete Joints under Environmental 
Conditioning: Experimental and Analytical Study 
Firstly, experimental studies on FRP plate to concrete specimens are carried out using the 
pull-out tests after experiencing three environmental conditions, including cyclic wet-dry in 
water, cyclic wet-dry in seawater and cyclic temperature in 50% humidity level. This study 
contributes to verify the change of material properties on the interfacial bond stress-slip 
relationship and global force-slip relationship and to expand the current experimental database 
for the environmental conditioned test results.  
In this chapter, the visual inspections are conducted on the failure plane between the concrete 
and FRP plate. It is found that regardless of the types of adhesive and reinforcement, the failure 
plane shifts from the concrete substrate to the interface between the adhesive and the concrete 
substrate. Also, the upwards movement becomes more substantial with longer exposure 
duration. It is worth noting that the failure plane movement is observed to be more obvious on 
the specimens under cyclic wet-dry conditions than under cyclic temperature condition. 
Additionally, the mechanism behind the failure plane movement is likely to be explained by 
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the lowered adhesive strength and combination of lowered adhesive bond strength and lowered 
concrete substrate strength for the samples under hygrothermal and thermal conditions 
respectively. From the aspect of the global force-slip curves, a slight decrease of the initial 
stiffness is observed. In contrast, most of the specimens under hygrothermal conditions 
experienced an increase of debonding initiation capacity. Furthermore, the reduction in 
maximum bond strengths on samples under hygrothermal and thermal conditions are found, 
however, the effect of reduced bond strength on Pini is balanced by elongation of the ultimate 
interfacial slip, which consequently results in overall increase of the debonding initiation 
capacity.  
5.2 Environmental Durability of FRP Bar-to-Concrete Bond: A Critical Review 
Secondly, to investigate the influence of different environmental conditions on FRP bar to 
concrete bond test specimens, a comprehensive database comprising of 1244 data points is 
compiled from 35 published papers. The database addresses seven conditioning regimes, 
namely water, alkaline, saline, acid, freezing/thawing, elevated temperature and other 
conditions. The rate of degradation for interfacial maximum bond strength in terms of different 
geometrical, material and environmental specifications are analysed and discussed. The 
contributions of this study include providing an extended database, analysing effects of 
different parameters on the durability of the FRP reinforced concrete members using the global 
data, identifying potential causes of contradictory test results, and highlighting future research 
directions. 
In this chapter, the source of the increase in maximum bond strength is identified, namely 
the increase of concrete strength and volumetric expansion of FRP bar under hygrothermal 
conditions. Additionally, the increase of maximum bond strength is normally observed below 
1000 hours of exposure duration. For the studies reporting the decrease of maximum bond 
strength, it is clear that the rates of degradation are different for the members with different 
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fibre and resin combinations, the members with CE and GV bars normally demonstrates much 
better resistance to environmental attacks compared to the other bars. Furthermore, in this study 
it is also found that the surface texture of FRP bars, to a certain extent, controls the rate of 
degradation. Comparing the FRP bars with only surface deformations to those with sand-
coating, the members with sand-coated FRP bars experienced a higher degree of degradation 
of the maximum bond strength. Apart from the surface texture and combination of fibre and 
rein, the rate of degradation of interfacial bond under various environmental conditions also 
relates to the size of the FRP bar, it is shown that the size of the FRP bar is proportional to the 
rate of degradation.  
5.3 Bond Strength and Bond Stress-Slip Analysis for Internal FRP Reinforcement 
Incorporating Environmental Durability 
In order to continue the investigation on FRP bar-to-concrete bond under the long-term 
environmental durability, a set of conservative reduction factors are proposed based on a 
carefully refined database to include the results with only pull-out failure mode. On the basis 
of the interfacial bond stress-slip relationship applied with the reduction factors, the global 
behaviour of the FRP reinforced concrete member is simulated and the effective bond length 
and length that allows for the fracture failure is predicted. Furthermore, the effect of FRP bar 
diameter on the failure mode and development length is analysed. The contributions of the 
study are to provide a set of conservative reduction factors and evaluate the change of the 
failure mode as well as the variation on development length. 
Based on the analysis of the current database, it is found that it is difficult to develop a unified 
bond stress-slip relationship incorporating environmental durability. The reasons have been 
explicitly discussed in the previous chapter. In order to provide another form of prediction 
though, a set of reduction factors on the basis of the database are established where correlation 
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between the exposure time and some important parameters such as the maximum bond 
strength, curve fitting function, maximum slip and ultimate slip are developed.  
The clear information from the reduction factors is that the maximum bond strength 
decreases with increasing temperature and exposure time. The same effect on the ultimate slip 
is also found. Moreover, the failure mode of the FRP bar-to-concrete bond tends to shift from 
FRP bar fracture failure to interfacial debonding failure under attack of various environmental 
conditions and the observation is more pronounced for the members subjected to dry-heat 
conditions. It is also found that the FRP bars with larger bar diameter have higher chance to 
experience the interfacial debonding failure compared to the FRP bars with smaller bar 
diameter because these FRP bars can provide greater fracture strength which can be higher than 
the amount of force needed for the IC debonding.  
Finally, an analytical formula is used to predict the development length considering the 
influence of hygrothermal and thermal conditions on the interfacial bond stress-slip 
relationship. This analytical formula is compared to current standards and it is shown that the 
ACI standards provides a conservative development length for the members exposed to 
hygrothermal conditions, however, these development lengths are insufficient to provide the 
full force development for the members under dry-heat conditions, especially the service 
temperature rise beyond 100°C.  
5.4 Recommendations 
The following recommendations can be made for future research: 
• There is a lack of experimental data on the influence of acid on the bond of externally 
bonded FRP-to-concrete. An environment with pH<7 can commonly be experienced 
by concrete structures strengthened with the FRP plate, for instance, the acid attack on 
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interfacial bond can be used to simulate the structures under acid rain, sewage water 
and acidic soil; 
• There is a lack of experimental data on the influence of concrete leaching on the 
interfacial bond between FRP plate and concrete. In a cyclic wet-dry natural 
environment leaching of calcium ions from the concrete surface is considered to have 
a detrimental effect on the durability of externally bonded FRP strengthened members; 
however, there is no experimental or analytical studies performed to quantify this issue; 
• Most of the experimental studies presented in the literature only consider the 
environmental durability of the FRP reinforced concrete members in isolation. 
Combination of sustained loading and environmental loading should therefore be 
investigated;  
• The change of mechanical properties of FRP bars and concrete are found based on the 
provided database in this thesis. It is clear that the changed properties, such as concrete 
strength and FRP bar tensile modulus can have significant impact on the bond 
behaviours and need more investigation; 
• Most of the studies due to the limitation of the material or standardised products have 
multiple variables changed simultaneously, which results in a lack of understanding on 
the effects of a single parameter such as surface texture, diameter, embedded length of 
FRP bar. More studies that isolate a single variable and study effect on bond 
deterioration is needed; 
• The swelling effect of FRP bar in moisture has been reported in some literature as the 
cause of the increase of maximum bond strength under the short-term hygrothermal 
conditions; however, this increase was not observed in all studies under hygrothermal 
conditions and thus, the actual cause of the increase in maximum bond strength needs 
to be further investigated; 
 343 
 
• Utilising high-strength concrete for the internally reinforced FRP bar concrete members 
under long-term environmental conditions to eliminate the effect of concrete strength 
growth on the interfacial bond is needed; The majority of the studies suggest that the 
increase of concrete strength is the primary reason of the increase of bond strength, 
which counter-balances the adverse impact of the attack of the environment on the 
interfacial bond. 
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